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i. OBJECTIVE

The aim of this work is to derive analytic model expressions describing the

electrical behaviour of the GaAs microstrip open end, gap, step, 900 bend and

T-junction for frequencies up to 60 GHz.

.6.



2. INTRODUCTION

2.1. CURRENT DISCONTINUITY MODELS

The MIC and MMIC discontinuity models used today in commercial CAD software

are usually semi-empirical, based on narrow measured databases and quasi-

static or magnetic wall approximations which are unable to describe full wave

coupling effects or interaction of discontinuities with a shielding package

(1), From their very definition and method of derivation, existing

analytical discontinuity models cannot take into account interaction with

their circuit environment, but are treated as isolated structures.

At mm-wave frequencies the discontinuity environment is integral to its

electrical behaviour. For example a microstrip open end behaves quite

differently when it is considered in a completely open environment as

compared to one which is laterally open or as in the usual MMIC case enclosed

by a package. The percentage of power radiated from the open end is a

relatively strong function of the circuit cover height since the presence of

a cover has a direct effect on the radiation mechanism (3,4). Moreover in

the completely shielded situation the radiated field interaction is

additionally dependent on the lateral shielding dimensions (2,5). The

situation is even more complicated in the case of 900 bends and T-junctions,

which are two directional orthogonal structures. The interaction of the

microstrip discontinuity with the package field is bidirectional.

To obtain discontinuity models, however, both a method of obtaining 3-D

electrical solutions for the discontinuities' physical structure as well as a

systematic modelling scheme is required.

.7.



2.2. BRIEF SUMMARY OF THE MATHEMATICAL TECHNIQUES USED IN THE DISCONTINUITY
ANALYSIS

In order to develop the discontinuity models, measured or numerical data

generated by 3-D electromagnetic field analysis has to be available.

Measured data is however not available and thus models have to rely on

analytic generated data.

All reported field analysis methods are based on spectral domain techniques

(6,7). The program, SFPMIC, used in this work is based on a source type

solution (2), allowing radiation in one direction to be described.

SFPMIC (source formulation procedure for the analysis of elementary struc-

tures in MICs) is a computer program which uses a deterministic hybrid- mode

spectral-domain approach for the numerical computation of the scattering

parameters of elementary MIC and MMIC structures, this approach providing

full-wave solutions. The only assumptions made are infinite conductivity

(neglection of loss) and zero metal thickness of the conductors. The mathe-

matical techniques used in its essential steps can be described as follows:

A two-dimensional integral equation for the substrate surface of a

general MIC/MMIC medium is analytically derived. This equation's

validity is independent of the metallisation shapes to be treated. It

is deterministic since on its right hand side it exhibits impressed

current densities, these current densities acting as sources which

excite the strip modes that interact with the discontinuity of

interest.

The deterministic equation is solved numerically by the application of

a moment method in the spectral domain. This results in a relatively

low order system of equations (low order as compared to other

methods). However, the generation of the coefficients of this system

of equations becomes time consuming for high spatial resolutions,

.8.



because a two-dimensional summation over all spectral contributions is

involved.

A special scheme of expansion functions, which are partially

precomputed strip mode solutions, is used.

To check the results of this program an alternative analysis program based on

the spectral operator expansion method (7) was developed. Instead of using

precomputed modes this technique uses a finite grid of frequency independent

expansion functions to describe the surface current density on the

discontinuity conductor pattern. The outline of this approach can be found

in more detail in the Appendix.

2.3. DISCUSSION ON UNIFIED SYSTEMATIC APPROACHES TO DISCONTINUITY MODELLING

The development of microstrip discontinuity models has been reported in the

technical literature by many authors. Collections of frequently used

discontinuity models have been published by Gupta et al (8) and also by

Kirschning (9). The methodology of obtaining such models are not

standardised and are based on the knowledge and physical insight of the

developing scientists and engineers. Often trial and error procedures have

been used to get the best results. This is far away from a unified

systematic approach and usually requires a large amount of effort to obtain

models with more than two physical variables.

In Kirschning's development of a gap discontinuity model, for example the

empirical procedure followed was not capable of generating a model for the

useful dielectric constant range 24F r13. The model had to take into account

dependences on the geometry ratios g/h, wl/h, w2 /h and on the dielectric

constant E r* However, modelling a function depending on four different

variables is a problem that can hardly be solved just by empirical means. To

achieve the best possible solution, a systematic and fully justifiable

approach has to be applied.

.9.



As a related example, take the computer aided generation of microwave

resistor, capacitor and inductor models as presented by Baden Fuller (10). In

this method equivalent circuits descriptions of these passive components are

used to obtain an approximation to the measured microwave scattering

parameters. If necessary, an automatic procedure adds new equivalent circuit

elements and new nodes into the equivalent circuit topology. The main

disadvantages of this procedure are twofold. Fr a given set of measured

data the model always represents a good approximation, however, the same

microwave component with a slightly different eometry may be modelled by an

equivalent circuit of different topology. This occurs due to the complete

lack of a predefined physical morphology. The second disadvantage is the

erroneous out of range behaviour of such models. These models can be used

only in a restricted frequency range. For frequencies beyond the applied

test values, the equivalent circuit models may have a completely different

and unphysical behaviour. So, this type of computer-aided purely

empirical search is again not a suitable solution to the microwave

discontinuity modelling problem.

One of the few available systematic modelling procedures for the frequency

dependent scattering parameters of microwave devices has been presented by

Thiele (11) in which a polynomial description for scattering parameters as a

function of frequency is used. This approach can be applied to general

microwave discontinuities. The main idea is that if a distributed structure

can in principle be described by an equivalent circuit, it can also be
described in a very general sense by rational network functions in terms of

complex frequencies (pole-zero-schematics).

At least, network representations which are based only on the common network

properties of distributed passive structures seem better suited to an

automatic modelling process and a systematic approach than a fixed set of

arbitrarily selected special functions. An important question in this

context is always, how to be sure that the chosen functions are able to give
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a good approximation to the discontinuity electrical characteristics. From

this point of view polynomials seem a good choice. Every real function can

be approximated by a rational polynomial of appropriate order.

In this approach, the basic principle used, is the successive application of

one-dimensional curve fitting to multi-dimensional functions in a sequence

ordered with respect to decreasing parameter sensitivities. For example take

the two parameter functions for the microstrip open end effect presented by

Kirschning and Jansen (12). The two dimensional end effect function Al =

f(w/h, r), wiere w is the strip width, h the substrate thickness and Er, the

dielectric constant, can be treated in this manner. As a preliminary step a

data base is generated by taking n E x nw samples, the samples being generated

from measurements or exact numerical techniques.

The first approximation step is to find the maximum number of coefficients
needed for a good fit in one direction of the data grid, i.e. either n

curves Al = f(w/h, Er = const.) or nw curves Al = f (Er' w/h = const.). The

number of orthogonal polynomials or rational function coefficients, ncl is

then increased until a minimum predescribed deviation at all points of the

grid is obtained. The associated coefficients ai are now functions of the

parameter determining the second direction of the grid. A second

one-dimensional curve fitting procedure is applied obtaining nc2 coefficients

to complete the two dimensional approximation. As a result ncl x nc 2

coefficients, necessary to establish a new description are obtained.

Although this approach is systematic, the disadvantage is that a function,

for example, of 5 variables will possibly result in a representation 35-55 or

more polynomial coefficients depending upon the fitting accuracy required.

An alternative approach is the use of a physics related models. The concept

of this approach is that a general equivalent circuit description can be

developed for arbitrary junctions and discontinuities. Based on the theory

of waveguides including those with non-uniform dielectric in the cross
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section, these descriptions take the form of a transformer circuit with

multiple windings attached to fundamental and higher modes (13).

U1 = jwL1 i1 + jwM12 i2 + jwMill, iI +

2 2' U2 = jwM 12i2 + jwLli2 +

U2 = -jX2i2 etc.

Fig. 2.1: Two port equivalent circuit

For example in Fig. 2.1, 1 and I' might be the fundamental strip modes asso-

ciated with a step in width, 2 and 2' the fundamental parasitic (package,

LSM ) modes associated with the strips and all higher order evanescent modes.

All modes which are not propagating can be represented as reactances

transformed to I and 1' and physically relate with the discontinuity or

junction stored energy. In the case of the LSM0 package modes, reactances

associated with the package dimensions occur (x 2 ) if the package is closed

(except for microstrip fundamental mode anchors), and radiation resistances

(R 2 ) if the package is open in one-dimension (energy leakage). The coupling

terms M12 can be generated from the modal fields by using suitable coupling

integrals (scalar products) based on the mode information in the feed strip

look-up tables. For the fundamental and higher order modes propagating on

the feed lines of microstrip junctions and discontinuities, the modal

characteristics can be easily generated for a wide range of geometries and

frequencies. Look up tables of these characteristics can provide input for

discontinuity modelling. In this way theory-based equivalent circuit

topologies can be derived in unified form for the discontinuities.

Preliminary generated numerical data has shown that in the mm-wave range

accurate modelling requires taking into account the presence of the package.

Interaction effects of the discontinuity and the package thus need to be
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described when modelling. Such effects can be included by properly

terminating the LSM o mode in the models (resulting in a parallel radiation

resistance).

Based on the equivalent circuit description physics-related models can be

developed in which most of the necessary elements are described in terms of

the mode characteristics (fundamental and parasitic). Thus it should only

leave the modelling of the evanescent mode effects as parasitic reactances.

Moreover these reactances can partially be obtained from quasi-static

expressions existing already in the discontinuity literature.
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3. INITIAL STUDIES INTO THE PHYSICS RELATED MODELLING APPROACH

In the previous section, the concept of a physics related model was
introduced. To implement such an approach, studies had to be undertaken in
order to obtain a systematic method for translating the discontinuity-package

electromagnetic field interaction into an equivalent circuit description.

The open end discontinuity, the simplest of the group to be analysed, was

used to obtain the basic methodology.

3.1. BASIC MODEL STUDIES

The proposed physics related modelling approach must give correct open end
results even allowing for the effects of the associated package on the

discontinuity behaviour. The same applies if the shielding wall opposite to
the open end is removed resulting in the radiation of energy away from the

open end in the form of LSM mode propagation. In order to verify this
modelling approach, the simplest discontinuity, the microstrip open end was

studied.

The geometry in the outlined modelling procedure is presented in Fig. 3.1.

I I

-I- A

Fig. 3.1: Geometry for open end problem
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In this diagram the feed strip width is w, strip length b, distance of the
open end to the package wall d. The package cover height is H above a
substrate thickness h and width ws . The open end position in the package is

given by xm .

The equivalent circuit model proposed for this situation is Fig. 3.2. In
this model a transformer and three reference plane shifts are the only

elements.

AtLSM0 , b

Reference plane
9LSMo'- mode

Microstrip Transformer

LSM o - mode

Fig. 3.2: Open end model derived from one-port data

A study on this equivalent circuit was done using the following geometric
parameters: strip width 1OO.±m, substrate thickness 100pm, package height

5004m, package width 3.1 mm, dielectric constant 12.85 and feed section
length 0.8 mm. The operating frequency was 80 GHz.
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The model parameters generated in this case were: microstrip effective

dielectric constant e f 9.25, characteristic impedance ZL 44.05 ohm, open

end length Alm 0.025 mm; for the LSMo/LSM o ' description Eeff 0.816, ZL 80.76

ohm, AILSM 0.86 mm and AILSM 0.5 mm. The transformer ratio n was 0.15.

A comparison of the open-end reflection coefficient phase computed from the

model with that derived from the field-theoretial data basis, is shown in

Fig. 3.3. In this figure, d, the distance between the open end and the

opposite electric wall of the conducting package, was varied in the range 0.5

mm to 6 mm. The box resonances resulting for certain values of d can be

clearly recognised. At such values a strong interaction between the open end

leakage field and the box field occurs with the effect that the phase of S11

deviates strongly from its static capacitive model values. The static value

model result is indicated as a straight line (~160 phase). Despite the

simplicity of the model, the main physical behaviour is described

accurately.

Another related model describing this situation was also studied (Fig. 3.4).

AI d--51 --------d •

CI -0 .S IS %', node SM -node

Fig. 3.4: Alternative microstrip open end model

This model still includes the different wavelengths of the LSM0 mode and the

LSM o  mode. If the package mode characteristics are known from numerical
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investigations, it was found that the package resonances can be predicted
very accurately. The value of the resonance length dres for a fixed length b
of the microstrip feed section can be given with good accuracy by the

relation

dres = XLSMo (0- 5 -b/xLSM )

where x and , are the different LSMQ wavelengths.wh LMSo LLSMo0

Further preliminary studies were carried out using the one port equivalent
model. The geometric configurations analysed are those of Table 1 where the

open end position, X in the package is given by
m

Xm = _XA and the package width by Ws = XB - XA,

the open ends having a fixed substrate thickness of 0.1 m. The table is in
two parts, the first giving the geometric values of each configuration
analysed and the second the modal characteristics obtained for each

configuration. ZL and EFF, and ZLSM and EFLSM are the characteristic

impedance and effective dielectric constants of the microstrip and LSM o modes

respectively.

With the reference plane of the open end one-port description situated at the
microstrip end, the studies always resulted in a reference plane shift for
the LSM mode directly related to the length b of the associated microstrip
feed section. This shift, 1LSM shown in detail in Table 2 was found to be

due to the special method of generating the numerical data when using a
boundary value source formulation, the source used in the full-wave numerical
approach being located at the beginning of the microstrip feed section. That

is, at the wall of the package.
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Configuration Width b XA XB M

1 0.100 0.8 -1.50 1.60 0.5

2 0.100 1.5 -1.50 1.60 0.5

3 0.100 2.0 -1.50 1.60 0.5

4 0.100 0.8 -0.40 2.70 0.5

5 0.100 0.8 -1.50 1.60 0.2

6 0.075 0.8 -1.50 1.60 0.5

7 0.100 0.8 -0.95 0.85 0.5

8 0.100 0.8 -0.55 0.45 0.5

9 0.100 0.8 -1.00 2.10 0.5

10 0.100 0.8 -0.60 2.50 0.5

11 0.100 0.8 -1.20 1.90 0.5

12 0.050 0.8 -1.50 1.60 0.5

Configuration Freq. EFF ZL EFLSM ZLSM

1 80 9.25 44.0 0.816 80.8

2 80 9.25 44.0 0.816 80.8

3 80 9.25 44.0 0.816 80.8

4 80 9.20 43.6 0.816 80.8

5 60 8.89 42.7 0.794 40.9

6 80 9.03 49.0 0.816 80.8

7 70 9.13 43.7 -0.234 260.0

8 80 9.21 43.7 -2.33 148.2

9 80 9.25 44.0 0.816 80.8

10 80 9.24 44.0 0.816 80.8

11 80 9.25 44.0 0.816 80.8

12 80 8.79 55.4 0.816 80.8

TABLE 1: Configuration geometry and mode characteristics
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Configuration b 1

LSM o

1 0.8 0.860

2 1.5 1.593

3 2.0 2.109

4 0.8 0.828

Table 2

Assuming that the LSM and LSM o' characteristics are nearly equal, a unified0t

analytical model can be presented for the two modes (Fig. 3.5).

LSM~C

C- cc'sr' L - -lode

Fig. 3.5: Unified open end model

In the simplified model above this unified description is taken into account.

This equivalent circuit model together with the analytical LSMo/LSMo modal

expressions (Section 4.2) were used to generate all the following results.
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3.2. MICROSTRIP OPEN END SIMULATION INCLUDING PACKAGE RESONANCE BEHAVIOUR

The investigations clearly show that the presence of a package has a

significant influence on the performance data of microstrip discontinuities

at mm-wave frequencies. Therefore the package has to be considered in the

modelling process. In the proposed model the coupling between the microstrip

mode and the fundamental package mode is included allowing the separation of

pure discontinuity effects from the effect of the package.

One method of modelling is to vary the package length by changing the

distance d between the open end and the opposite package wall. A function is

then obtained from which the open end data can be de-embedded. Varying the

longitudinal package dimension has the advantage that all the associated mode

quantities are kept at fixed values. The results of four open end

configurations have been analysed in this way and are shown in Figs. 3.6-9.

The numerical full-wave data are compared to those resulting from the

analytical model. The parameter values for the equivalent circuit model are

given in the headers (transformer ratio, microstrip open end equivalent

length and LSM mode reference plane shift).

Figs. 3.6 and 3.7 show the results for the discontinuity geometries in

configurations 5 and 6 respectively (Table 1). In these two cases the

effective dielectric constant of the LSM 0 mode is positive, i.e. the LSM o

mode (and the LSM o  mode with equal mode parameters) is propagating in the

package. As can be seen the resonance behaviour of the coupled open end -

package configuration is well described by the equivalent circuit model.

On Figs. 3.8 and 3.9 simulation results relating to the geometric

configurations 7 and 8 are given (Table 1). In these two cases, the

effective dielectric constant of the LSM o mode is negative which by

definition means that the LSMo is below cutoff in the package. Under these
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Fig. 3.6: Open end Sil: configuration 5

.23.

0. 1 3. 4.\. , 6 . 7. .

-£2. - - - - _ -_.. .. .

I -
-2 . _ I 'i  ,

-22. I

STATIC CAP. NEW MODEL SFPMIC

Fig. 3.7: Open end S11: configuration 6
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Fig. 3.9: Open end Sli: configuration 8
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circumstances the behaviour of the configuration is not resonant. The

reflection coefficient, however, can be described by the same equivalent

circuit model. Note, that in this case the characteristic impedance and the

propagation constant of the package mode are no longer real but imaginary.

in the Figures 3.6-9 about 30 different package lengths were considered as

the data base from which the models were generated. Since the resonance

dimensions of the package can be predicted, however, to good accuracy from

the LSM characteristics and since the behaviour observed is that of a

typical reactance function, it is possible to determine the model equivalent

circuit elements from only three specific reflection coefficients, i.e. three

suitably chosen package lengths. An optimum choice is to take three values

near to that package length for which the effect of the package mode on the

microstrip open end vanishes:

b/kLSM + d/XLSM = 0.25 + 0.5n
0SO S 0 "

where n is the number of wavelengths.

With n = 1 and three data samples chosen near to the above defined length,

good model quality can be achieved using only a small numerical data basis.

Due to the fact that the electric field of the LSM o mode is essentially

directed vertical to the substrate surface and the metallisation thereon, it
is expected that similar reactance behaviour will occur in the other

discontinuities cases (the LSM field being perturbed slightly by the

presence of a metallisation and having little dependence on the conductor

shape except in respect to the strength of its excitation).
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On Figs. 3.10 and 3.11, the microstrip open end configurations 5 and 6 were

reanalysed (Table 2), but with the elements of the equivalent circuit being

generated from only three data samples. As can be seen, the open end

resonance behaviour is again described accurately. The open end equivalent

length result is the same as that obtained from a much larger data base by

curve fitting.

3.3. STUDY OF MICROSTRIP LSM o MODE COUPLING AS A FUNCTION OF DISCONTINUITY

POSITION

While the package dimensions mainly determine the parasitic resonance

frequencies a-sociated with a shielded discontinuity, the position of that

discontinuity in the package determines the strength with which package modes

are excited and with which package resonance fields interact with the

discontinuity. This principle provides a key to discontinuities modelling

including coupled fundamental package mode coupling. To demonstrate that

this physical modelling concept is capable of taking into account such

effects, the microstrip open end was analysed again for five different

positions of the microstrip section within the package cross section (Fig.

3.12).

P .... Pos, 5

/

// !

,4 0.6 1C 1.2 6

Fig. 3.12: Open end positions analysed
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The strip width taken is 100pm and the width of the package, 3.1 mm. Table 2

shows the model parameters obtained for the five different strip positions,

where Xm, indicates the position of the middle of the strip from the package

sides for each case.

Table 3

Configuration Xm  AILSMo Alm N N/N pred

1 1.6 0.060 0.026 0.144 1.67
11 1.2 0.063 0.027 0.133 1.69
9 1.0 0.064 0.027 0.118 1.69

10 0.6 0.039 0.028 0.077 1.73
4 0.4 0.028 0.028 0.051 1.70

The positions and lengths given in Table 3 are in mm.

As can be seen, the open end length Alm of the microstrip does not depend

noticeably on the position of the strip. This can be explained as follows.
With the electric field of the LSM mode being similar to that of a TE mode

in a rectangular waveguide, the coupling between the LSM0 mode and the

microstrip mode becomes smaller if the position of the strip is near the side

wall of the package. This is reflected by the transformer ratio N of the

transformer in the equivalent circuit model. Following conventional

waveguide theory and introducing an effective width weff (1,2) for the

prevailing microstrip, the transformer ratio and its dependence on the

position of the strip in the package cross section can be predicted by the

formula

A tStrip(xy) tLSMo(xy) dxdy

-Cos (-2(x -0.5 -Cos (-2E(x +0.5c. gweff)) w s m Weff)),

h 120. h -0.5with Weff "Z Eeff
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The table, however, shows that the predicted transformer ratio Npred'

is still undetermined by a proportionality factor depending on the choize
of the LSM mode characteristic impedance definition. In Table 3, the

constant factor was found empirically to be about 1.7. The independence of

this factor on the strip position again confirms the validity of the

modelling approach.

Changing the width of the' microstrip for a fixed package cross section has
also been considered, the results are given in Table 4.

Table 4

Configuration w/[m N

1 100 0.144

6 75 0.136

12 50 0.126

As expected the transformer ratio depends on the strip width.

3.4. MICROSTRIP-LSM O MODE COUPLING STUDIES AT THE SOURCE AND AT THE DISCON-
TINUITY

The transformer element in the equivalent circuit plays a basic role in the

discontinuity modelling because it describes the coupling between the

fundamental microstrip mode and the fundamental parasitic LSMo package mode.

For this reason, the dependency of the transformer ratio N as a function of

other geometry parameters is important in order to fully describe all

physical aspects of a model. Again the elementary open end case was used to

study the transformer behaviour with variation of the microstrip feed section

length.
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Two models A and B, (Figs. 3.13 and 3.14) equivalent to the previous model

differing only by the position of the reference plane were studied. The

reference plane in model A is at the microstrip open end while in model B it

is at the source, i.e. at the excitation point at the beginning of the

microstrip. A study showed that the parameters Alo and AILs M of both models

agreed with geometry variation of strip mid and end package wall position.

LSM

Fi.3.3 Ope en eqiat cicut

SO C e

Fig. 3.13: Open end equivalent circuit A

30 S o

SZc --- od

c rCstr D

Fig. 3.14: Open end equivalent circuit B
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Previous investigations have shown that the simple one-port equivalent

circuit used for modelling has to be extended to fully describe all effects

represented by the numerical data. This can be clearly shown if the

transformer ratio is investigated as a function of the microstrip feed length

and of the associated variation of the reference plane. The coupling between

the microstrip mode and the LSMo mode, represented by the value N
2/ZLSM, is

given as a function of the microstrip length b in Fig. 3.15. In Fig. 3.16

the value of N2 /ZLSM is plotted as a function of frequency. Frequency

variation is equivalent to changing the electrical length of the microstrip

section. The configuration investigated was

E = 12.85, w = 1OOpm, h = 100pm, H = 500pm,

ws = 3.1 mm, f 80 GHz, b = 0.8 mm

From these results a dependency of N on the microstrip feed section length is

indicated. However a physical model describing the microstrip open end

should be able to match the numerically generated full wave data with

parameters that do not depend on the length of the microstrip feed section.

There are only two possibilities for the occurrence of such a length

dependency, either the approach used in extracting the model parameters from

the numerical data needs modifying or a more detailed physical model is

required.

3.5. STUDY OF THE MODEL DE-EMBEDDING PROCEDURE

3.5.1. Discussion on model parameter de-embedding from the field theory data

The investigations so far have shown that numerical simulations of the open

end as a simple one-port (which means looking only at the fundamental
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microstrip wave amplitudes) again reveal a dependency of the transformer

ratio, n as a function of the microstrip feed section length, b.

This dependency should not exist and as such means that the de-embedding of

th e model from the computed S-parameters must be studied in more detail.

At present the discontinuity strip sections are partitioned into three

regions A, B and C; A = impressed source current density region and the

transition region between the source and undisturbed mode propagation

(Appendix: Section 2.3), B = feed section of nearly undisturbed mode

propagation, C = discontinuity expansion region (Fig. 3.17).

B C

S o. rce 

Ll

I

(y)

Fig. 3.17: Analysis sections of open end configuration

In section B, the current distribution is described by expansion functions

generated from a priori computed transmission line solutions. Depending on

which mode amplitudes have to be de-embedded from the numerical analysis, the

precomputed distributions are used for the respective modes. For other modes

(here the LSM0 ' mode) any other kind of representation of sufficiently

complete form can be used. Region C has suitable functions describing the
open end disturbance, while region A is used to establish the continuity of

the source distribution into the microstrip feed section, B.
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Fig. 3.18: Transverse current distribution: precomputed modal form

e(y)

0.5 XLSM o '
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microstrip

Fig. 3.19: Transverse current distribution: triangular function form
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One of the problems of de-embedding correctly is the fact that the LSM o0 mode

strip current is usually small compared to the microstrip fundamental mode

current if the package dimensions are not in a resonance condition. Never-

theless, to de-embed in detail the LSMo0 mode behaviour, either its current

distribution has to be taken into account by a precomputed expansion (direct

de-embedding) or in a general but sufficiently complete form (indirect

de-embedding), deriving the model parameters from the microstrip behaviour as

a function of the structural data. One possible representation of the LSMo0

current is shown in Fig. 3.18, i.e. the precomputed form. Though the

transverse distributions of the LSMo  and the microstrip fundamental mode

current density are neary equal, with respect to the dependency on the
co-ordinate y they differ considerably due to the fact that they have

different guided wavelengths X LSM0, and Xmicrostrip For indirect

de-embedding, a general (not precomputed) expansion for the LSMo, for example

in the form of triangle functions as shown in Fig. 3.19, is a second

possibility.

3.5.2. Study of microstrip-LSMo mode coupling as a function of microstrip
I ength

In Figs. 3.20-22 the reflection coefficient phase for an open-end
discontinuity is shown for three different microstrip lengths, b (0.8 mm, 1.1

mm, 1.3 m). The microstrip width was 0.1 im, substrate thickness 0.1 mm and

cover height 0.5 mm. The package width was 3.1 mm and the frequency of

analysis 80 GHz. In all three cases the resonance behaviour is similar in
principle depending only on the total package length. If the overall length

of the package is xLSM/ 2 the coupling between microstrip mode and LSM0 mode

becomes significant.

The length of the applied source distribution (region A) is only 0.1 mm. To
be sure that the resonance behaviour is effected by the overall package
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length an additional investigation was done. The length of region A was

changed from 0.1 mm to 0.7 mm (plots Figs. 3.23 and 3.24), the data in these

figures showing that the package length is indeed the key factor in behaviour

of the resonance, where the resonant length

1 =b+d+lres S'

where Is is the source length.

The two curve sets in Figs. 3.20-22 are the result from an analysis with two
different source types. One set is the data generated with a microstrip

source (source 1), the other is data for a LSMQ source (source 2). The

results which are nearly equal, indicate the stability of the applied

algorithm.

3.6. IMPROVED PHYSICS RELATED MODEL STUDIES

Since the de-embedding approach has been proved, a more detailed model is

therefore required with microstrip/LSM0 coupling at the open end and at the

source. This is based on the fact that the microstrip mode and the parasitic

LSM mode are mutually orthogonal across any microstrip cross-section and,
accordingly, should couple at the ends where the feed strip terminates

discontinuously.

The arguments for the extended model concept are as follows:

On the microstrip line feed section the microstrip mode and the LSMo '

mode propagate independently (mode orthogonality). There is no direct

coupling between the modes. The amplitudes of the modes will be

determined by coupling mechanisms at the beginning and at the end of

the microstrip section.
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At the microstrip end, the fundamental microstrip mode will be

reflected and only a small portion of its energy will be transmitted

into the LSM o mode (transformer ratio 1:n).

At the end of the microstrip only a small portion of the fundamental

mode energy will be transferred iAto the parasitic LSMo' mode. Due to

the close similarity between the fields of the LSM o mode and the LSM o'

mode, it is therefore reasonable to assume a transformer ratio of
1:1.

* At the beginning of the microstrip line feed section the source

excites both modes in parallel. The source current is the sum of the

conductor currents of the microstrip and LSM o ' moci; (transformer

ratios 1:m, l:m'.

Various equivalent circuits were tested, the model giving the best fit is

shown in Fig. 3.25.

S I ILSMd

© LSMK, mode 5i

microstripM N

Ports Ports

Fig. 3.25: Enhanced open end model
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In this model the microstrip mode behaviour was found to be well described.

A new model feature, a LSM mode line section length, Is , (length of region

A) has been introduced. The LSM o mode description of this model now includes

short stubs at both sides of the microstrip line section. This inclusion is

necessary in order to represent the correct resonance dimensions of the

package even for different lengths I s of the source region. In Figs. 3.26-28

the results of fitting this model to the numerically generated data are

plotted. All three curves have been generated with similar model

parameters:

M = -1, N = 0.04, ls = 0.1 mm, 1LSM = b, Im = b + Al0.

open end length Al 0: 0.031 mm as from static analytical model; and

microstrip characteristic impedance, ZL = 80.8 ohms.

As can be seen, the new model gives a good fit to the microstrip mode

behaviour.

From theory, the coupling between microstrip mode and LSM0 mode is expected

to be small except for package dimensions near LSMo mode resonance. These

expectations indeed are described by the new model. The transformer ratio N

turns out to be small (N = 0.04 in our examples). With the coupling between

microstrip mode and LSM mode being small, the LSM0 mode behaviour is mainly

determined by the electric walls of the package with no significant influence

from the microstrip mode (except resonance cases). This expected behaviour

is actually represented by the new model (linear phase shift as a function of

parameter d). In contrast to this, the numerically generated LSM o mode data

in Fig. 3.28 shows the phase of the reflection coefficient at ports (2) and

(2') with a relatively strong resonance contribution from the microstrip

mode. However as can be seen this contribution can not yet fully be described

by the new model. One of possible reasons for this discrepancy may be that

the numerically generated LSM 0 mode behaviour is effected by coupling to

higher package modes.
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4. MICROSTRIP AND LSM o MODE CHARACTERISTIC MODELLING FORMULAE

As the proposed modelling approach relies on an analytical prediction based

on a physical description, it requires as input the microstrip and LSM0  mode

characteristics. The effective dielectric constant and the characteristic
impedance of microstrip are well-known parameters. Such characteristics have

only a second order dependence on the package dimensions for walls that are

not extremely close to the strip. For the derivation of the LSMo mode

characteristics waveguide theory is used.

4.1. ANALYTIC FORMULAE FOR THE MICROSTRIP MODE CHARACTERISTICS

In the discontinuity models the characteristic impedance and the effective

dielectric constnt of microstrip are important parameters. As such analytic

formulae are needed which must be dependent on strip wiath, the substrate

height, the package height and frequency. Formulae for the characteristic

impedance and effective dielectric constant have already been published

(1,2). These formulae, however, are not dependent upon the package height.
The implementation of the package height into the published analytic formulae

can be achieved by the introduction of correction factors f(w,f,h,H) such

that the strip characteristic impedance and the effective dielectric

constant are expressed by,

Eeff' ZL(W'h'H'f) = Eeff' ZL (wh,f,) *(l-f(w,f,h,H),

where eeff' ZL (w,h,f) are the published equations.

The influence of the package height on microstrip transmission line

parameters is expected to be a second order effect as long as the package

height is much larger than the substrate thickness, also applying to

discontinuities enclosed in a package with a height so low that LSE type

modes are sufficiently far below cutoff.
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As a first step a data base of characteristic impedance and the effective

dielectric constant were generated by the field-theory based computer program

SFPMIC for the following ranges:

Strip width w: 10pm, 20m, 50pm, 100pm, 200m

Substrate height h: 100pm, 200pm, 300pm

Cover height H: 250pm, 500 m, 1mm, 2mm, 3mm, 4mm

Frequency f: 0.80 GHz in steps of 5 GHz

From this data base constant correction factors fZL (w,f,h,H) and feff

(w,f,h,H) were computed. Analytic formulae were then developed to

approximate the field-theory based correction factors. These formulae were

tested against the numerical results across the geometry and frequency

ranges. The results (Figs. 4.1 and 4.2) show the frequency and microstrip

width dependency of these analytic correction factors for fixed substrate and

package heights in comparison to the field-theory based computations.

The basic formulae developed describe a class of functions of shape:

fZL: ZL I + w/ h IP1I (_p 2*'-f

fZL AZ (1+ * (H/h *p (1- -K arctan f*- ) 2 * (f*h+f 3 )
0 0

f A (1+ w h-P * (i- arctan f*hf 2

0 0

The analytic formulae for the strip characteristics' correction factors are

after fitting:

Characteristic impedance

H/h-p f/GHz*h/mmi-f 2

fzt = AZL I + w/hpl . Hh)-P2 * (1- arctan f * (f*h+f)
0 0

with

.47.



f= 4.211 *(1-0.0484*H/h)1. 2 15 * (l0h/nuT) 0*837

f2 3.177 +(5.881*h/H-2.068) * (10h/mm)-0.549

f3 4.255 * (l0h/mm)0.837

p3 =1.821 * (1-1.18*h/mm)

A ZL =0.0005539 / ((0.325*H/h)p + (0.21*h/H) p3)

=o 0.11, p1 = 0.49, H0 = 0.102, p2 =1.823

Effettive dielectric constant

f ~ ~ ( A w/h )P1 * uH/h -p2 *1-*aranf/GHz*h/olif, 2

f e ff = A e f f (1 _ _ -_ _ a rc ta)f

with

f= 3.532 * (1-0.0594*H/h) * (10h/mm)0.754

f= 1.139 + (4.839*h/H)1. 116

p3 =0.682 * (1 + 4.337*h/mm)

p4 = (12.9+h/H)/(12.9+0.25*h/nr) - 1

A r:eff= 0.269* p4 /((2.209*H/h) p3 + (0.3247*h/H) p3)

w= 0.0711, p1 = 0.450, H0 = 0.1, p2 = 0.7684

Fitting these formulae to the full-wave data base results shows that the mean

deviation

E .- (f ZL/_ff)analytic
~~~.I h. H .( /~a t a , ba se

(f 1 ZL ff~d

For the characteristic impedance analytic formula is 6% and for the effective

dielectric constant is 3%. The error is about 1% for package heights of in.

and of about 4%-10% for lower package heights.
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4.2. ANALYTICAL FORMULAE FOR THE LSM 0 MODE CHARACTERISTICS

As outlined in the development of the physics related modelling approach, the

LSM package mode is represented by transmission line sections. Analytical

approximate expressions for the appropriate transmission characteristics can

be derived from waveguide theory.

Simple analytic expressions were investigated as a function of the respective

geometry and substrate parameters, including the package dimensions which

have an important influence on the latter mode. Expressions derived for the

effective dielectric constant of the LSM0 mode and its characteristic

impedance are given below. The LSM 0 mode impedance is defined as U2 /(2P)

where U is generated by integration over the electric field in the symmetry

plane of the microstrip from the ground plane to the cover plane. The

equations for the modal effective dielectric constant and impedance are:

Eeff (LSMo) = Estat.(I - (f c/f) 2 )

with f 0
c 2W S - stat

and = Cr'(H+h)
and stat r .H+h

E H+h Z 0

ZL (LSM o ) z
Ws Y'F /1 - (fc/fFz

/Estat c

(Zo = 120no, co = 2.9979 108 m/s)

where H is the height of the air layer, h the substrate thickness within the

box and W5 is the box width.

.49.



The LSM mode characteristics derived from the analytic expressions and

full-wave hybrid mode analyses for three different geometry configurations
(variable package height H) over the frequency range 50-80 GHz are shown
below. A comparison shows that the analytic formula represent the actual
LSM 0 mode behaviour accurately.

FILE'Isml, H = 200pm

F/GHz,EF,EFmZLc ZLm SO.0000 .4990 .5386 $0.3160 51.IS71
F/GHz EFc,EFm,ZLcZLm 55.0000 .6550 .6709 43.7820 44.5411
F,'OHZ EFc,EFm, ZL: ZLm 50.0000 .77S0 .7944 40.1160 40.9339
F"iHz EFc ,EFri ,Zc ZLrn S:.0000 .8700 .5904 37.7130 38.6626
F/GHz, EFcEFmZLz ZLm' 7Z.O0Z .9460 .9667 35.9670 37.1066
iOH: Ehc,:FM,ZLcZLm 5.-0000 1.0090 1.0282 34.5390 35.9799

FiOHz ,rc ,ET m,:71 L ZL ; -0.0000 .0630 I .0785 33.4230 35.1303

FILE:Isml, H = 5004m

F:/GHz,EFc,EFm,-LcZLm 50.0000 2500 .2464 145.5800 147.0002
F/GH:,EFc EFriZLc,ZLm S5.0000 .4100 .4087 113.7100 114.1353
F/GH:,EFcEFm,ZLcZLm 60.0000 .320 .321 99.8000 100.0244
F,'GHzE EF-,ZLc, ZLm 5S.0000 .6270 •282-  91.S6O 92.OS86
F/ HzEFcEFmZLcZLm 70.0000 7040 .7045 86.6800 86.9351

GH: ,EFc EFm ,L ,ZL 7=3000 .76-70 .7660 S3.0200 83.3719
F, GHz =Fc ,EFm,.Lc,ZLm 50' .8180 .0153_ 80.2700 80.7606

FILE:lsml, H = 3504m

F/GHzEFcEFm,ZLc ,ZLm 50.0000 .3240 .3225 9S.3100 96.3615
F/OHz,EFc,EFm,ZLcZLm 55.0000 .4820 .4848 78.0200 78.5934
F/GH:,EFc,EFmZLcZLm 60.0000 .6040 .6083 69.6800 70.1663
F/GHz,EFc,EFm,ZLcZLm 65.0000 .6990 .7044 64.6900 65.2056
P!GHz,EPcEFm,ZLcZLm 70.0000 .7750 .7806 61.3500 61.9398

G Hz EFc ,EFr,ZLc ZLm 75.0000 .8390 .8421 58.8900 59.6352
F"H::,EFc EFrn,ZLc ZLm 3.0000 .3900 .8924 56.9900 57.9290

where EFc, ZLc are numerical hybrid mode data for the effective dielectric

constant and characteristic impedance while EFm, ZLm represent the analytic

descriptions derived here.
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5. CONCEPT APPLICATION AND DEVELOPMENT OF DISCONTINUITY EQUIVALENT

CIRCUIT MODELS EXHIBITING DYNAMIC BEHAVIOUR

5.1. OPEN END

5.1.1. An Equivalent Circuit Model

Preliminary studies made for the microstrip open end model in Section 3.6,

indicated that it gave the type of dynamic description required to implement

the physics related modelling approach. This circuit model has been found to

be valid if the fundamental mode and the LSMa-mode on the microstrip and the

LSM o package mode are the important modes present in the circuit environment.

- S - ILSM  -' -d ---

10 0- microstrip

Ports Ports

Fig. 5.1: Physics related equivalent circuit model for the microstrip open
end discontinuity
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The model Fig. 5.1 consists of transmission lines for the microstrip and

package modes. The lengths of these transmission lines (1sd) are directly

either related to the given structural geometry or to the poysics related

dimensions:

Im= b+ dl 0

ILSM L S + dILsM

where dlo is the microstrip open end length, nearly identical to that value

predicted by a static open end analytical formula. I s is the source and the

source disturbed propagation region.

The transmission line parameters oF the LSM o package mode are expressed by

simple analytical formulae defined in Section 4.2 with the LSM 0 -mode

characteristics assumed to be nearly identical to those of the LSMo-mode.

In the model the serially connected transformers describe the coupling

between the microstrip and the package were found to provide the best fit

results. The scattering matrix of the transformer describing the coupling

between the modes has the form

0 s s' port 1 microstrip mode

s 0 t port 2 LSM o mode (with s, s' small and t = 1)

s' t 0 port 3 LSM o' mode

where the power flow from the LSM o mode into the LSM o' mode is represented by

the scattering parameter S23 = $32 = t, the microstrip mode being loosely

coupled to the LSM o and the LSM 0' modes (S, 2 = S21 = s, S1 3 
= S = s')
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This scattering matrix can be approximated by a 3-port including a

transformer in series connection.

In this transformer coupling situation, the variation of parameter d causes a

linear decrease of the phase of the reflection coefficient. The linear

decrease can only be predicted by an equivalent circuit model, if the

transformers are connected as outlined (see the reflection coefficient of the

LSMQ' mode at port 2 shown in Fig. 5.2 as a function of parameter d (package

dimension), the length 1 + 1 being equal to XLSM '/4), where the predicted
s LSM LSM

model LSM o and LSM,' mode characteristic impedances are given by Z and Z and

the source length I s by ds in the caption.

In modelling, the transformer ratio can be determined by testing the

transverse electric field of the LSMo/LSM o ' mode with the electric field of

the microstrip mode, which results in a scalar product (integral) that can be

evaluated approximately by simple analytical expressions.

5.1.2. Confirmation of the Open End Model

As a case study for establishing the modelling concept, the following

microstrip open end discontinuity was analysed using the field theory based

program and then modelled. The geometric structure of the discontinuity

analysed was:

Er = 12.85, w = 100pm A B C

h = 100pm, H = 500rpm

Ws  = 3.1mm, f = 55GHz WS

b = 2.8mm, 2.7, 2.5 mm. h - H -Is b -4---- d
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.too

-50.

152

-20\. -200.
STATIC CRP.- NEW MODEL SOURCE I

Fig. 5.2: S11 of microstrip and LSM mode for the open end

*4.26M .100 Z=114.1 Zs- 96.8 ds= 0J305 m

d/ mm
.0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 5.5

I -*---------- ~ -

-14.

- 1 5 . S M N ~- 5 0 .

-100.

-1.-\ -150.

-20. -200.
STATIC CAP. NEW MODEL SOURCE 1

Fig. 5.3: Microstrip and LSM mode S11: length 1.8 m end
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.rg(rho,

-~ r50.

-44-

-100.
I 150.- -- B

-2L. -20.

STRTIC CAP. NEW MODEL SOURCE I

Fig. 5.4: Microstrip and LSM mode Sl: length 2.7 mm

tl '4 " " i ,' " 1 i = N~ -1 031"J ? l L~ o

d'mm

0 .5 1 d i 5 U e ".Y] 3.5 4.0 4.5 5. 5.5 G6. 6.5...... - -d - T - i - t -

I ' I
f ' ' i ' r i,

- i , ! .. . I 1 .....

--- - 'I.. _ .- i 7. .

j 4 .

.4LS M  tI 50.-, , o I ' I_ -B

-lB.J -io- ! -150.

- . -200.

STRTIC CAP. NEW MODEL SOURCE I

Fig. 5.5: Microstrip and LSM mode SIl: length 2.5 mm
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The reflection coefficients of the microstrip mode and the LSM o' mode,

extracted at port I and port 2', are presented on Figs. 5.3-5 as a function

of parameter d (package dimension). The numerically generated data was

fitted using the equivalent circuit model. Not only the reflection

coefficient of the fundamental microstrip mode but also the reflection

coefficient of the LSM o ' mode agrees with the numerically generated data.

The given equivalent circuit obviously shows a good physical basis for a new

microstrip open end model which includes the coupling to package modes.

As well as a study of the open end model , the computed and predicted LSM o

mode characteristics were investigated. The values of the parameters of the

equivalent circuit model obtained by prediction and fitting are listed in

Table 1. The second data sets of Table 1 are the values estimated by simple

analytical formulae or are direct geometry related values. The model

transmission line parameters Eeff LSM0 9 Eeff LSMo'' Em' ZLm I 1s2 d and b are

fixed parameters.

Table 1: Parameter values of the equivalent circuit model for the microstrip
open end discontinuity

b = 2.8 mm b = 2.7 mm b = 2.5 mm
fitted predicted fitted predicted fitted predicted

dl 0.0305 0.0311 0.0312 0.0311 0.0312 0.0311
(siatic microstrip
open end length)

dlLSM -0.105 0.0 -0.051 0.0 -0.051 0.0

N 0.126 0.093 0.133 0.093 0.142 0.093

M 0.100 0.093 0.127 0.093 0.162 0.093

ZL LSMo 114.1 114.1 114.1 114.1 114.1 114.1

ZL LSMo, 86.8 114.1 99.3 114.1 94.7 114.1
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Although the predictions are good, there is still some uncertainty in the

definition of characteristic impedance for the LSM o mode and the LSM o0 mode

which could be the reason for the slightly higher numerical fitted values of

the transformer ratios M,N. This uncertainty is because the LSM0 -mode is

guided partially by the microstrip metallisation, the characteristic

impedance of this mode turns out to be lower than the characteristic

impedance of the LSM o mode. This difference in the model parameters could be

a reflection on the de-embedding method used to extract the parameters of the

equivalent circuit model from full wave numerical data.

5.2. MICROSTRIP GAP

The gap structure to be investigated consists of two microstrip lines and a

gap with two current sources I,0 and 102 as described in Fig. 5.6. The

structure is situated in a package of width ws, height h + H and total length

d, where h is the GaAs substrate thickness.

H TT

s  X S X2  Ls

- l-
d x1 + x 2 +s+21s

Fig. 5.6: Microstrip gap discontinuity with microstrip feed lines and current

sources.
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5.2.1. Comparison of the Current Static Analytical Model with Full-Wave

Results

At present the microstrip gap discontinuity is a standard library component

in microwave CAD simulators as far as its quasi-static behaviour is

considered. An equivalent circuit with three capacitances and analytic

formulae for the description of these capacitances are available from the

literature (1).

In a preliminary study the quasi-static analysis was compared with full wave

generated results for a range of gap widths.

The configurations studied had the following geometric parameters:

h = 1O00Lm, H = 5004m, w = 1O0Om, Ws = 3.1mm, f = 55GHz, I1 = 1, 102 = 0,

s = (Im, lOPi.M, 1004m), x1 = = (1.3mm - 3.2mm).

The quasi-static analysis took into account only the fundamental modes on the

microstrip lines, package modes being neglected. These results were obtained

applying the commercial CAD program LINMIC+ (2). For the full wave analysis

the package dimensions were set such that the LSM o package mode is above

cut-off at the operating frequency of 55 GHz. Reflection coefficients

phases, pl and'p2, of the fundamental modes on the microstrip lines I and 2

were analysed with the reference planes defined at the ends of the microstrip

lines. The results obtained were for gap values 100 Lm (Fig. 5.7), 200 lm

(Fig. 5.8) and 1 mm (Fig. 5.9).

The 1004m gap results (Fig. 5.7) reveals that there is still some correlation

between the quasi-static simulation (using an analytical LINMIC+ model) and

the full-wave results including package effects. The reason for this is that

the gap behaviour is mainly determined by the quasi-static capacitive

coupling effect between the open microstrip ends. Nevertheless there is
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Fig. 5.7: S11 and S22 for gap model: gap 0.1 mm

d/mm
2.4 2.6 3 .2 3.6 4.0 4 .4 4.8 5.2 5.6 6.0 6.4

. - -I -'''P
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-100.

-14. ...

-150.
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SFPMIC LINMIC+

Fig. 5.8: S11 and S22 for gap model: gap 0.2 mm
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Fig. 5.9: S1l and S22 for gap model: gap 1.0 mm
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already a significant difference between the conventional CAD circuit

analysis and the numerical analysis which takes the package coupling mode

into account. The situation is similar for the 200dm gap (Fig. 5.8).

However, in this &-se the dominance of the quasi-static coupling is reduced

and the discrepancy with the full wave results increases. The linear/

constant phases (LINMIC+) shown in Fig. 5.8 essentially represent the end

effects of the two open ended microstrips in the considered configuration.

In contrast to this, the full-wave package mode effects show a more complica-

ted behaviour. Note, however, that the discrepancy for the values obtained

for the phase of pl, the reflection coefficient on the excited strip, is not

very large, arg(rhol) being approximately -12 degrees.

The analysis results for a gap width 1.0 mm are given in Fig. 5.9. In this

example the distance between the microstrip lines is now large compared to

the strip width of 1004m and the substrate height of 1O0m. Therefore the

microstrip lines are nearly uncoupled capacitively for the fundamental micro-

strip modes. The conventional package analysis shows a reflection

coefficient on strip I identical to the reflection coefficient of the

microstrip open end discontinuity. If the full wave results are considered,

the behaviour of the gap discontinuity is quite different due to interaction

with package modes/resonances. The fundamental modes of both microstrip

lines are coupled to the package modes and by this coupling effect both

microstrip lines are dynamically coupled in an indirect way. The LSM o and

LSM 0 ' package modes are above cut-off and therefore the large distance

between the microstrip lines (s = 1.0 rm) does not prevent coupling. The

reflection coefficient of strip I depends on the length of strip 2 and shows

a behaviour different from the results of the quasi-static CAD analysis.

5.2.2. An Equivalent Circuit Model

Having substantiated in some detail the modelling approach for the open end,

the concept has been applied in deriving an enhanced (dynamic) gap model. An
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equivalent circuit for an improved description of the microstrip gap

discontinuity is shown in Fig. 5.10.

-- s  X s-1 -  x S - - x2  "-4" s

transform ers

01microstrip JI"~~ microstrip 102~

gap

Fig. 5.10: Equivalent circuit for the microstrip gap discontinuity including
dynamic parasitic effects

The equivalent circuit of Fig. 5.10 contains the same circuit elements as the

open end equivalent circuit. The package mode is descibed by LSM, and LSMQ'

modes which are dependent on the presence of the microstrip metallisation.

At the ends of the microstrip lines and also at the sources at the beginning

of the microstrip lines, transformers describe the coupling to the package

modes. The effective dielectric constants, the strip characteristic

impedances of the fundamental modes (strip 1 and strip 2 can have different

strip widths) and the effective dielectric constants of the package modes

(LSM o, LSMo') are as obtained from a full wave analysis or from equivalent

analytical expressions. The strip characteristic impedance of the LSM o mode

has been determined by the analytic formula described in Section 4. The

characteristic impedances of the LSM o' modes have been determined from the

characteristic impedance of the LSM o mode multiplied by a correction factor

not much different from 1. Assuming a symmetric gap between equal width feed

strips, the capacitances C'1 = C' 2 and C' 3 from the standard microstrip gap

equivalent circuit are modified by suitable correction factors. These
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factors again do not differ much from the numerical value of 1 and have been

added to make the original quasi-static expressions more adjustable to the

dynamic case.

The mathematical form in which the correction factors FZL, FCi and FC3 are

applied is:

ZL(LSMo') = ZL(LSMO) * FZL
C1 = C'I * FC1

C3 = C 3 * FC3

These three correction factors and the four transfomer ratios N1, N2, M, M2

can be determined by curve fitting techniques, i.e. by optimising the

equivalent dynamic circuit model to the available full-wave numerical

results.

5.2.3. Preliminary Studies

Three microstrip circuits containing a gap discontinuity and two microstrip

feed lines each, were analysed as a function of total package length using

the field-theory based computer program. The quasi-static circuit analysis
neglecting coupling between the fundamental microstrip modes and the package

modes gives results disagreeing with the field-theory based analysis.

However the improved circuit description is capable of fitting the full wave

generated data. The reference planes for the reflection coefficients of the

fundamental microstrip modes on both feed lines are set to the ends of the
microstrip lines. The reflection coefficients were determined as a function

of the length d of the package; the transformer ratios N1 , N2, M1, M2 and the

correction factors FZL, FC1 and FC3 by fitting the reflection coefficients,

calculated by the equivalent circuit description to the field-theory based
data. Both wide and narrow gaps examples were studied.
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file 1: N=-.210 M= .210 Z=114.1 Zs=tl4.1 Fct= .9487 Fc3= 1.000
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Fig. 5.11: S11 and S22 for I m gap and varying package length

file 3: N--.129 M= .129 Z=114.1 ZS=114.1 Fcl=1.0630 Fc3- 1.300
d/mm
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-15. -288

I 100.

-13.

NEW MODEL SFPMIC

Fig. 5.12: S1l and S22 for 0.1 mm gap and varying package length
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The reflection coefficients shown in Fig. 5.11 describe the same

configuration as discussed in section 5.2.1 (Fig. 5.9) but for a wide gap

width. The gap width is 1.0 mm, much larger than the strip width of 100Pm.

The correction factors FZL and FC3 have been set equal to 1. Again Z and Zs

in the caption are the LSM 0 and LSM o ' mode characteristic impedances.

The dynamic capacitance C1 of the new circuit model is found to be about 5%

smaller than the value of the quasi-static gap equivalent circuit model used

(FcI = 0.9487). This may partially be due to the prevailing numerical

accuracy (number of expansion functions, spectral density) in the field

theory based analysis. The transformer ratios N = N1 = N2 and M = MI = M2

are nearly identical (N = -0.21, M = 0.21), where the negative sign of the

transformer ratio N results from the way in which the transformer windings

are connected to the circuit.

In Fig. 5.12 the results of the analysis with a smaller gap width of s =

1004m are shown. In this example the reflection coefficients on strip I and

strip 2 are well described.

5.3. MICROSTRIP STEP

The microstrip structure to be modelled contains a microstrip step

discontinuity with additional feed lines and two current sources 101 and lu2.

The structure is shown in Fig. 5.13 situated in a package of width ws, height

h+H, where h is the GaAs substrate thickness and box length d.
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hi H 
41WS

Is X X2t I I

d = X1 + X2 +2Ls

Fig. 5.13: Microstrip step discontinuity with microstrip feel lines and

current sources

5.3.1. Comparison of a Quasistatic Analytical Model with Full-Wave Results

A common quasi-static equivalent circuit for the microstrip step

discontinuity contains two serial inductances and a parallel capacitance to

ground. For a comparison between a quasi-static analysis and full wave

analysis, the program LINMIC+ was used to perform the former.

The field-theory based computations were carried out on the structure of Fig.

5.13. The structure was investigated first in a state of excitation with 102

= 0, using the following geometric configurations:

h = 1OOim, H = 200pm, w, = 60pn, w2 = 100pm, W = 2.1 rm, f = 70 GHz

101 = 1, 102 = 0, i s = 10"m, XI = x2 = 1.2 mm - 2.1 mm.

With the package dimensions chosen such that the LSM o mode is above cut-off

at the frequency of 70 GHz. The reference planes are at the ends of the

microstrip lines (at the step plane) where the strip width decreases from

10Opm to 60pn.
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Fig. 5.14: Step model S11 and S22
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The comparison (Fig. 5.14) shows the phase of the reflection coefficients p1

and P2 of the fundamental modes on the microstrip lines 1 and 2. The

quasi-static analysis shown takes into account only the fundamental modes on

the microstrip lines, whereas the full wave analysis includes the coupling

between these fundamental modes and the dominant parasitic package modes.

The electrical behaviour of the structure in Fig. 5.13 reflects the presence

of the open ended microstrip line 2 (current source 102 = 0), the reflection

coefficients p1 and p2 showing the typical behaviour of linear phase

increase. The negative phase of the reflection coefficient pl is plotted in

Fig. 5.14. The full-wave results show a resonance behaviour for both of the

reflection coefficients for a total box length of about 3.3 mm. These

resonances cannot be described by the standard quasi-static approach.

5.3.2. An Equivalent Circuit Model

An equivalent circuit model for the microstrip step discontinuity can be

derived from the gap equivalent circuit model in a straight forward manner.

The three capacitor quasi-static gap model is replaced by a commonly used

step model containing two serial inductances and a parallel capacitance to

ground. The microstrip gap length, s has to be reduced to zero for the step

model. The respective LSM o mode transmission line in the gap equivalent

circuit model has to be neglected for the step. Taking all these features

into account the equivalent circuit in Fig. 5.15 results.
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111 icosriC microstri p 02

ste p

Fig. 5.15: Equivalent circuit for the microstrip step discontinuity inclu-
ding dynamic parasitic effects.

This dynamic microstrip step model contains two feed lines with different
characteristic transmission line data (different strip widths) for the

fundamental modes and for the LSM o' package modes. The coupling between the

fundamental modes and the LSM o0 modes is described by four transformers N1,
N2, M1, M2. As for the dynamic gap modelling, the effective dielectric

constants of the modes are taken from the field-theory based data generation.
The LSM o mode characteristic impedance is determined by the analytical
formula in Section 4.2. In the studies the LSM o0 mode characteristic
impedances are calculated from this LSM o impedance by multiplication with
correction factors not much different from 1. The admittance matrix of the

quasi-static step model is also modified by suitable correction factors F

(for Y,, and Y22 ) and Fy2 (for Y12 
and Y20.
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Fig. 5.16: Improved step model S11 and S22
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5.3.3. Preliminary Studies

The microstrip structure was simulated using the improved dynamic step model

of Fig. 5.15. These results together with full-wave results are shown in
Fig. 5.16. The equivalent circuit elements have been predicted by simple

expressions as outlined from box dimensions, pre-calculated transmission line

data and correction factors equal to 1. The transformer ratios were

predicted from the previously given analytic formula Section 3.3. The LSM '

mode characteristic impedances (Zi and Z2) for the different width feedstrips

were approximated to that of the LSM, package mode. No curve fitting was
applied to modify the predicted equivalent circuit elements. The enhanced

equivalent circuit was able to predict the circuit behaviour including the

effects of parasitic package modes. The resonance length of the box is well

predicted.

5.4. 90 0 BEND

The microstrip bend structure to be modelled (Fig. 5.17) is situated on GaAs

within a package. The package dimensions are width ws, height h+H and a

total box length d + IS + xI + w2 .

is x1  d

Lt I-

1 2  T tS
Fig. 5.17: Microstrip 90* bend discontinuity with microstrip feed lines and

current sources

.72.



5.4.1. A Dynamic 900 Bend Model

A complication for the bend model, which does not occur in the open end, gap

and step models is that there are two directions of propagation involved for

both the fundamental microstrip modes and the parasitic LSM o modes. In the

model these are considered as two separate parasitic transmission line

structures being correlated only by their dependence on the same package

dimensions.

Applying physics related modelling to the microstrip bend discontinuity

results in a preliminary equivalent circuit model. The equivalent circuit

model consists of two microstrip feed lines of lengths x, and x2 , two current

sources 10, and 102 and a quasi-static equivalent circuit model for the

90'-bend. The quasi-static equivalent circuit model for the 90-bend

consists of two lumped inductances and a capacitance to ground as shown in

Fig. 5.18.

Si; L I

~-'~--H RP21

x 2 strip 2 LSM 0 2

SMO2 ~
02

Fig. 5.18: A preliminary dynamic equivalent circuit model for the microstrip
90°-bend discontinuity
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In the model di and d2 are LSM o transmission line lengths given by dl = d and

d 2 = Ws-wl-x 2 -1s, dlsmI and dlsm 2 are additional line lengths for tuning the

dynamic equivalent circuit model, being added to the physical line lengths d,

and d2 of the LSM0 -mode transmission lines.

To take dynamic effects into account, the coupling between the microstrip

modes and the package modes is included in the model. The parasitic effects

of the bend are described by two LSMo/LSMo'-modes coupled to the microstrip

modes by lumped transformers N, N29 M, and M2.

5.4.2. Study of the Dynamic Model

The microstrip structure was studied using the field-theory based computer

program, a quasi-static analysis (running the CAD package LINMIC+ in the

quasi-static mode of operation) and using the dynamic equivalent circuit

model presented in Fig. 5.18.

The geometric parameter values with 102 = 0 for investigation convenience are

described below.

h = 1004m, H = 2004m, w, = 1004m, w2  100 Lm, ws = 1.9 mm

f = 80 GHz, I., = 1, I02 = 0, 1 s  100 m, x = 0.75 mm, x 2 = 0.95 rm, d=

0.9 mm - 2.1 mm.

The characteristic impedance for the LSM o modes are precalculated by an

analytic formula (Section 4.). Fz1 and Fz2 are correction factors that have

been used to modify the LSMo-mode characteristic impedances to get the

LSM 0'-mode characteristic impedances.

The results giving the reflection coefficients pl and p2 on the microstrip

lines the reference planes RPI and RP2 are plotted in Fig. 5.19 as a

function of d. The figure shows good agreement between the field-theory based
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Fig. 5.19: 900 bend model S11 and S22
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Fig. 5.20: S11 and S22 of 900 bend model with increasing package length
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data and the reflection coefficients generated for the dynamic circuit

model.

The element values of the equivalent circuit model are given in the heading

of the figure. In this study The values FMI, FM2, FNI and FN2 are the

correction factors with which the precalculated transformer ratios have been
multiplied to obtain the transformer ratios applied in the equivalent circuit

model (Ml = FMl*Mlprecalculated). Fyl and Fy2 are the correction factors for

the admittance matrix elements of the quasi-static bend model.

The field-theory based reflection coefficients show a constant phase

difference between the quasi-static and the dynamic equivalent circuit model

results of about 100 for nearly all package widths d. This indicates that an

additional equivalent circuit element must be introduced. The microstrip

circuit of Fig. 5.17 contains two current sources I01 and 102. If one of

these current sources is set to zero the microstrip line appears terminated

with an open end. Therefore, the quasi-static equivalent circuit model for

an open microstrip end has to be introduced into the dynamic microstrip bend

model of Fig. 5.18.

A second microstrip configuration was also investigated as a function of d.

This configuration is nearly identical to the circuit example described

above. The difference is that the lengths d, = d and d2 
= ws-W-x 2 -1 s have

been increased simultaneously. The results (Fig. 5.20) show that the
resonance dimensions derived by the field-theory based calculations can be

predicted by the dynamic equivalent circuit model. However, there is still a

significant quantitative difference between the full-wave numerical results

and the data generated by the equivalent circuit model.
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The box dimensions d = 1.3 mm and d = 2.6 mm are resonance dimensions for the

reflection coefficients p1 and p2 at the reference planes RP1 and RP2. The

full wave data show resonance behaviour for both reflection coefficients.

The equivalent circuit model predicts only the resonant behaviour for the

reflection coefficient pl of strip 1. It seems that the reason for these

discrepancies is due to 20 parasitic coupling mechanisms prevailing in the

bend structure in contrast to the ID LSMo/LSMo ' mode propagation valid for

the previously discussed models. A modification of the dynamic equivalent

circuit model appears necessary.

5.4.3. Discussion on Mode Coupling in the Bend Model

For the microstrip open end, the microstrip gap and the microstrip step, the

dynamic coupling effects of these discontinuities have been described

successfully by dynamic equivalent circuit models which contain in addition

to the quasi-static description, parasitic LSMo/LSM o -mode transmission

lines. The field distribution of the dominant package mode is described by a

chain connection of these LSMo/LSMo'-mode lines. In contrast to this the

dynamic equivalent circuit model for the microstrip 90°-bend contains two

sets of LSMo/LSMo'-mode transmission lines (subscripts 1 and 2).

This equivaldnt circuit model is formulated with two package modes operating

independently. The LSMoQ/LSMo'l and the LSM0 2/LSM o ' 2 modes are reasonable

approximations of the field distribution of the package mode. However, both

mode sets have to describe the same field distribution since there is only

one unique physical field distribution in a given configuration. In reality

the microstrip modes are physically coupled to one common set of package

modes, while the description of this common field distribution can be

achieved in different ways. Thus an equivalent circuit model with two

independent descriptions (except for the dependency on the same dimensions)

of the package mode cannot describe the dynamic coupling effects accurately.
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5.4.4. An Alternative Equivalent Circuit Model

Fig. 5.21 shows an alternative equivalent circuit model for the microstrip

900-bend which takes the mentioned coupling into account. It contains the

same circuit elements as the preliminary equivalent circuit model with the

package effects being described by two LSMo/LSM o ' package modes

(LSMoQ/LSMoQ', LSM 02/LSM 0 2') and both modes being coupled to the fundamental

microstrip modes by transformers. The transformers N, and N2 are connected

parallel to the centre of the microstrip bend. Due to this parallel

connection the reflection coefficient phases of the fundamental microstrip

modes at reference planes RPI and RP2 are expected to show similar resonance

behaviour.

S LSM, LSM 01

I stip ILSM 0 2  d2

1P

N 
2

T U
X 2 sirip 2L-S' 02

.
M2 M2 is

)R T

Fig. 5.21: An alternative equivalent circuit model for the microstrip 90 -

bend
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Fig. 5.22: Alternative 900 bend model S11 and S22
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Fig. 5.23: Alternative 900 bend model S1I and S22
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In the previously equivalent circuit model the circuit elements L and C

describe the quasi-static behaviour of the 90°-bend. In the above equivalent

circuit these elements have been replaced by two T equivalent circuits

(elements L' and C') which when connected in series describe the quasi-static

behaviour of the 90°-bend. As an approximation, the elements L' and C' are

related to L and C by

L' = L C' = 0.5C

The two studies of Section 5.4.2. were redone for the alternative circuit

model.

Figs. 5.22 and 5.23 show for the respective studies the reflection

coefficient phases pl and p2 on the microstrip lines at the reference planes

RPI and RP2. Fig. 5.22 now shows good agreement between the field-theory

based data and the reflection coefficients generated for the dynamic

equivalent circuit model. Fig. 5.23 however again shows that the resonance

behaviour for the box dimension d = 1.3 mm is not represented by the

equivalent circuit model. This indicates that the preliminary circuit models

with two independent modes for the description of the package effects has a

fundamental deficiency. The bidirectional , common excitation of the

parasitic package fields still requires further study.

5.5. MICROSTRIP T-JUNCTION

5.5.1. Preliminary Equivalent Circuit Model

The microstrip T-junction in a package (Fig. 5.24) consists of 3 microstrip

lines of length xl, x2, x3, three current sources and the T-junction. The

discontinuity considered is deposited on GaAs in a package of width ws ,

height h + H and a total box width d + Is + x3 + w2.
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H

Fig. 5.24: Microstrip T-junction discontinuity with microstrip feed lines and
current sources

The physics modelling approach, applied to the microstrip 90°-bend

discontinuity, was extended to the T-junction discontinuity, the equivalent

circuit modei of Fig. 5.25 taking dynamic coupling effects into account.

S,' S 2 12
"' - -----

LSM
03

Li

Fig. 5.25: A preliminary dynamic equivalent circuit model for the microstrip

T-junction discontinuity
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The equivalent circuit consists of three microstrip feed lines of lengths

X1, x2 and x3 , three current sources 101, 102 and 103 and a quasi-static

description for the T-junction discontinuity. The quasi-static equivalent

circuit model for the T-junction discontinuity has been extracted from the

CAD program LINMIC+ and is represented by the T type black box in Fig. 5.25.

The dynamic effects are included, by describing the coupling of microstrip

modes and package modes with lumped transformers. As in the dynamic gap,

step and bend modelling, the mode effective dielectric constants and the

characteristic impedances were taken from the numerically generated

field-theory based data set.

As has been stated for the 90° bend model investigation, a complication is

that there are two directions of propagation for the fundamental microstl'ip

modes and the LSMo/LSM0' package modes. This is also true for the

T-junction. Until now these modes have been considered by two separate

parasitic transmission line structures. In reality however, they are

correlated by their dependence on the package dimensions. Their correlated

influence on the reflection coefficient of the fundamental microstrip modes

can be enforced to some degree in the model by a parallel connection of

transformers.

5.5.2. Study of the Dynamic Model

The T-junction structure was analysed using the field-theory based computer

program, a quasi-static analysis (using the CAD package LINMIC+) and the

dynamic equivalent circuit model.

The structure under investigation was described by the parameters given below

with 102 = 0 for convenience:

GaAs: h = lOOm, H = 2004m, w, = 1OOP'm, w2 = lO04m, w 3 = 1O0±m

f = 80 GHz, i s  1004m, x1 = x 2 = x 3 = 0.9 mm, d = 0.7 mm - 2.9 mm

(variable).
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As in the bend model, an additional line length dlsm 3 for tuning the dynamic

equivalent circuit model was added to the physical line length d of the

LSM 0 3-mode transmission line.

In the following plot headings are the element values of the equivalent

circuit model and the values, FM1, FM3, FN1 and FN2 which are the correction

factors by which the precalculated transformer ratios have been multiplied to

get *the transformer ratios shown in the equivalent circuit model (Ml =

FMl*Ml precalculated). Fyl and Fy2 are the correction factors for the admit-

tance matrix elements of the quasi-static T-junction model. The characteri-

stic impedance for the LSM o modes is precalculated by an analytic formula as

given in Section 4. Fzl and Fz2 are correction factors that have been used

to modify the LSM 0 -mode characteristic impedances.

The results (Fig. 5.26) show the phases of the reflection coefficients pl and

p2 on the microstrip lines at the reference planes RP1 and RP2. The

resonance behaviour of the reflection coefficient p2 at d = 1.8 mm is well

predicted by the equivalent circuit model. Furthermore there are additional

resonances at d = 0.8 mm, d = 1.5 m and d = 2.7 mm. These resonances are

not predicted by the curve generated from the equivalent circuit model. The

reflection coefficient of the microstrip mode at reference plane RPI shows a

double resonance at d = 0.9 mm and a weak resonance behaviour at d = 1.9 mm.

This small resonance effect and even the one of the two double resonances at

d = 0.9 mm can be predicted by the dynamic circuit model. Nevertheless there

is still a significant quantitative deviation between the full-wave results

and the data obtained from the equivalent circuit model.

One reason for the considerable deviation between the full-wave results and

the equivalent circuit data may be that the package height is very small (h +

H = 0.3 mm). A small package height was chosen mainly to reduce computer

time for generating the full-wave results. However the quasi-static

equivalent circuit models used as part of the dynamic circuit models, work

well for packages with infinite or large package heights. The ratio h/H =
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Fig. 5.26: T-junctjon model S11 and S22
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0.5 as applied in the investigation is very small. It can be assumed that in

these cases the static behaviour of the structures under investigation can

not be described accurately by the quasi-static circuit models.

Nevertheless there is still the problem of the unexplained additional

resonances. As discussed the description of the package mode by two separate

LSMo/LSM o' modes may be one of the major disadvantages of the presented

dynamic equivalent circuit model.
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6. STUDY OF BIDIRECTIONAL MODAL EFFECTS AND THE DEVELOPMENT OF A
CIRCUIT DESCRIPTION

6.1. DISCUSSION ON THE CURRENT EQUIVALENT CIRCUIT MODELS

At present in the microstrip open end, gap and step the interaction with the

package field has been described by LSMo/LSMo ' mode excitation. This

excitation is described by a unidirectional coupling mechanism. In contrast

to these cases, the microstrip 90°-bend and T-junction discontinuities are

associated with orthogonal feed lines. The wave propagation on these feed

lines implies excitation in two directions. In the preliminary models for

the 90°-bend and T-junctions bidirectional parasitic mode excitation was

neglected. The current models only include a quasi-static equivalent circuit

for the low frequency junction effects and lumped transformers for the

LSMo/LSMo ' mode coupling. These equivalent circuit models consist of two

separate uncoupled parasitic transmission line stuctures LSMoi/LSMo2' for the

two othogonal directions, each parasitic structure being described by wave

propagation in one direction only.

As has been shown these simplified circuit models are able to fit the

numerically generated full-wave data to some extent. The reflection

coefficients phases at the reference planes for both fundamental modes show

nearly the same resonance behaviour expected by the numerically generated

full-wave data. The significant deviation between the results of the

simplified circuit models and the numerically generated full-wave data can be

seen in Section 5.4.2, Fig. 5.20 for the bend discontinuity example. The

resonance at d = 1.3 mm occurs at a total box length of half the wavelength

of the LSM0 1 mode. The resonance behaviour of the reflection coefficients

phases on microstrip 1 is well predicted by the dynamic equivalent circuit

model of Section 5.4.1. However, the numerically generated full wave data

also show resonance behaviour for the reflection coefficient phase on

microstrip 2.
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The reason for the expected but missing resonance peak in the description

based on the simplified (piecewise unidirectional) circuit model is due to

the fact that the employed LSMo 1 /LSMo 1 ' and LSM0 2 /LSM 0 2 ' transmission lines

represent only a partial description of the total package field. A resonance

description for the total package field has to be reflected in both partial

field descriptions LSMo,/LSMoI' and LSM 0 2/LSM 0 2' simultaneously.

6.2. A MICROSTRIP 900-BEND MODEL INCLUDING BIDIRECTIONAL LSMo-MODE COUPLING

From the discussion of the dynamic equivalent circuit models for the micro-

strip 90°-bend and the T-junction, it is obvious that these models have to be

extended by introducing a coupling mechanism between the LSMo,/LSMoI' and

LSMo 2/LSM 0 2' mode transmission lines. To demonstrate the effect of

introducing such a coupling mechanism into the equivalent circuit for the

90°-bend, Fig. 6.1 shows an improved circuit representation containing an

additional transformer.
-4 is d d

LS'S

P i1

sr I T

Fig. 6.1: A 90° bend dynamic equivalent circuit model including LSMo/LSM o'

coupl i ng

.87.



t: } 1. ;.3 1 . 8 l.d I fi -. M ,

d' mm

.8 I.] 1.2 .4 1.i 1.8 ?.1 2.2 2. 4 2.6 2.8

-- .7 ... ...... ._ --I
-5 . -50 .

-200. -200.

NEW MODEL SFPMIC LINMIC+

Fig. 6.2: S11 and S22 of 90' bend model
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This equivalent circuit model is a simple extension of the previous bend

model of Section 5.4.1, Fig. 5.18. The transformer ratio has not been

determined or optimised. A ratio 1:1 was assumed and used to generate the

results in Fig. 6.2 which is based on the second study of Section 5.4.2. The

reflection coefficient phases pl and p2 on both microstrip lines now show the

same expected resonance behaviour. Resonances for packages of any dimension

can now be predicted by this extended equivalent circuit model.

Nevertheless, further consistent quantitative investigations are required to

achieve a good fit between the numerically generated full-wave data and the

results produced by the circuit model.

6.3. DESCRIPTION OF THE EM FIELDS IN THE PACKAGE IN TERMS OF LSMo-MODE
EXCITATION

A general description of the electric and magnetic LSM o field in a

rectangular box can be achieved by considering the electric wave potential

(x,y). If the electromagnetic field has negligible component Hz, as is

assumed for the propagation of the partial parasitic fields in the package,

the electric anr magnetic fields can be determined from ( (x,y) by applying

the equations

E 1 32 Hx jwE 6x6x x 6)y

E H-y jW "x~x y 6y

E (2 - + k0)d H = 0
z JEz

The LSM o  package mode field is not disturbed significantly by the

metallisation pattern of a microstrip circuit as can be concluded from full

wave computations. The field distribution of package modes is similar to the

field in a rectangular box homogeneously filled with a material of dielectric
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constant E ef In che case of a general excitation mechanism the total
potential j (x,y) of a rectangular box (see geometry of Fig. 6.3) can be
expressed by a summation over a set of orthogonal eigenfunctions tik(xy).

i k Yb -Y -) X - (x-

d, q

Y t,

Fig. 6.3: Package co-ordinates for the configuration under investigation

In this way, the electric and magnetic field in the package are described

through the potential ct(x,y) dependent on the co-ordinates x and y and on
the amplitudes A ik of the rectangular box eigenfunctions tik. Only the

electrical field Ez and the magnetic fields Hx and Hy are of interest for

further study. These components can be written thus,

Y90.Ya Xb -Xa
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H.' (x,y,Aik) = X XAik Cos (Y--Ya) sin kr (x-X)I k Yb -Ya XO -Xa

Hy (x,y,Aik) = 1 1 aik sin (Y-Ya)} cos {k (X-Xa)

- k XbXb -Xa

The partial LSMoI/LSMoI' and LSMo 2/LSM 0 2' parasitic fields in the package can

be described by potentials 4LSMol(x,y) and 4LSMo 2(X,y). These potentials can

be obtained if the electric field components Ez LSMOI(x,y) and Ez LSM02(x,y)

are known. The components Ez of the electric fields can be determined from

the voltage and/or current distribution on the parasitic transmission lines

in the equivalent circuit model.

They have the form:

FsM°- (x,y,P...PN) = 4 LSMo2 (yPI...PN) sin ! xX
Xb -XaJ

NLM2xp) = aLSM.2 (Xl' pI..sin {Yb Y -Ya)}LYb -Ya

where the parameters P1 ...Pn denote voltages or currents on the LSM 02/LSM02 '

transmission line. From these voltages or currents the distribution of the
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electric field component Ez LSM02(x,y) can be determined. With the knowledge

of the distribution of the potentials 4 LSMoI(x,y) and P LSMo 2(x,y) the

magnetic field components H LSMoi(x,y) and H LSMo 2(x,y) can be derived.

LSM 0I - 1LSMQI (XyP PN) p ~ SM. I gM2~pI,

-jeody Xb-X

HyLSMo2 I - E SMo 2(XPN...PN) sin I Vx - ( .)

HLSMO2 = I {Yb Ya (~)

The method of obtaining the partial parasitic fields from the total package
field is as follows:

The electric field component Ez LSMGI(x,y) and Ez LSM0 2 (xy) of the LSMo, and
LSM0 2 field distributions have to be set equal to the total electric field

function E zt(x,y) describing the total field by summation over the
eigenfunctions of the rectangular box. Also the magnetic field components
H LSMoI(xmy) and H LSMo 2 (x,y) have to be set equal to the total magnetic
field components Hx (x,y) and Hyt (x,y) in a similar manner. This leads to

the following four equations for bidirectional excitation.

Their general form is:

FLSMoI (x,y,Pp... PN) = E (x,y,Aik)

U2SM2(xY'Pl 1 I'"p,) = E (x,y,Aik)
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H LSM MI(x,y, PI...PN) = H. (x,y,Ait)

HySMO'(x,y,P'...P) = Hy (x,y,Aik)

By testing equation (a) with the M eigenfunctions til i1... M the amplitudes

AiI(PI...PN) are determined and equation (b) with M eigenfunctions tlk K=I..M

the amplitudes Alk(P'I...P'N). By testing the respective magnetic fields, a

second set of equations is obtained. Thus:

Ai, (P ...PN )= 1 1 -fY 'LSM 0 1 (y,P,...PN) sin fI i Y-Ya}dy
Yb -Ya - OY Yb-Ya

1 1I ... _ _I kirAlk (P...Ph) 1 J ELSMo2 (x,PI'...P,') sin (x-Xa)}dx

Yb -Ya -JO) Xe (XXb -Xa

Yb -Y -j () Y ( o

AYbY -. N d LSMo2 (x, PI...PN) cos (Y- Ya) dy
ri YbYa Y. Yb -Ya

Alk Xb -Xa JOJ d 4 LSMo2 (X, P...p i {k_ .(Xx).dx
Ak(PI1 ... PN) = k~ Xb a x. sin LYYa X-aj d

From these linear equations, the amplitudes Aik can be eliminated and a new

set of equations which gives a relationship between the N values of the

parameters P 1*' PN and the N values of the parameters P'I...P'N results.
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Since P1***PN and P'.1**.PN denote voltages and/or currents of the equivalent

circuit model this establishes a relation from which the coupling between the

LSM 0 1/LSM01' and the LSMo 2/LSM 0 2 can te determined. Depending on the number

of unknowns, the total package field expansion can be truncated after a few

terms and a complete system of equations for the relation between the

parameters P1 . *P . and the parameters P'I ... P1 N results. The s, -le

extension of the bend model of Section 5.4.1, Fig. 5.18, corresponds to the

first term of the total field expansion (A,, only).

6.4. REVISED MICROSTRIP 900 BEND MODEL

In the previous section the description of the electric and magnetic field in

the package for bidirectional LSM o mode excitation was discussed for

90°-bends and T-junctions. It was concluded that the distributions of the

partial electric and magnetic field of the LSM o modes of orthogonal

directions are related by a coupling description to the common electric and

magnetic field in the package. These relations have been studied in more

detail and applied in a variety of microstrip 90°-bend eqUivalent circuit

models. The application of the respective coupling equations tu the

equivalent circuit models results in much more complEx .i-,cuit topologies. A

simple equivalent circuit model including the bidirectional LSM o mode

excitation was reported, the equivalent circuit model for the 90°-bend, usi.ig

a lumped transformer to demonstrate the effects of coupling between 'he

orthogonal LSM o modes.

As the application of extended coupling relations betweer, the electric and

magnetic fields of orthogonal LSM o packages modes showed no significant

improvements during the investigation of more sophisticated dynamic

equivalent circuit models for the 90°-bend, this simple equivalent circuit

model has been reinvestigated and adopted in a slightly improved version

(Fig. 6.4).
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Fig. 6.4: A dynamic equivalent circuit model for the microstrip 90-bend
including the coupling between the partial parasitic LSMo 1 /LSM'o 1
and LSM 0 2/LSM'0 2 mode structures

The fixed transformer ratio of 1:1 used in the previous investigations was
modified to achieve a better fit between the field-theory based data

of the structure analysed in Section 5.4.2. and the results of the equivalent

circuit model. The transformer ratio N3 (previously 1:1) was optimised

together with the other elements of the equivalent circuit model. As an

example the reflection coefficient phases pl and p2 of a 90-bend of strip

width 1OO.±m on a 100.m GaAs substrate was calculated. The transformer ratios

M1, N1 and N2 are as predicted by the simple formula given in Section 3. The

correction factors FM1, FN1 and FN2 are all equal to one. The correction

factors FY1, FY2 and FZ1 have also been set to 1 for simplicity. Further,

the additional shift d LSM1 of the length of the transmission line
representing the LSM0 i mode was set to 0 and the equivalent circuit elements

M2, N3 and dLSM2 optimised. In this example both package dimensions (d1 , d2 )
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Fig. 6.5: Sl1 and S22 of 900 bend model including bidirectional coupling
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Fig. 6.6: Model comparison with 900 bend of section 5.4.2.
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were changed simultaneously. The equivalent circuit model with optimised

circuit element values given in the headline in Fig. 6.5, is able to predict

all the reflections coefficients p1 and p2 resonances.

The new equivalent circuit model was also applied to the first bend

configuration whose set of data has been generated in Section 5.4.2. The

results are shown in Fig. 6.6. Again a good fit between the field-theory

based data and the results of the equivalent circuit model was obtained by

tuning only the equivalent circuit elements M2, M3 and dlsm2.

6.5. EXTENDED MICROSTRIP T-JUNCTION MODEL

For the T-junction two orthogonal parasitic LSM o mode transmission lines have

been considered in representing the bidirectional LSM o mode excitation in the

package.
--It I-- W3 -? L

MM'01L 
2  LSM 0 2

RP1 L.,4 I RP2

Stig 1 ivi strpT 2uni

I T
LSM03 d w

x 3 r3  LS "O 3

H3

Fig. 6.7: A dynamic equivalent circuit model for the microstrip T-junction

discontinuity, first revision.
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I I

I
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Fig. 6.8: S11 and S22 of T-junction model including bidirectional coupling
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A revised equivalent circuit model is given in Fig. 6.7. This model contains

6 transformers to represent the coupling between the fundamental microstrip

modes on the three feed lines and the three parasitic LSM o modes. In addi-

tion transformer N4 has been introduced to include the coupling between the

parasitic LSM o modes of orthogonal directions (bidirectional excitation).

Fig. 6.8 shows the reflection coefficient phases of the fundamental

microstrip modes at the reference planes RP1 and RP3 as a function of the

package width, d + w2 + x3 + ls for the structure analysed in Section 5.5.2.

The field-theory based data (dashed curves) show resonance behaviour of the

reflection coefficient pl at box dimensions d = 0.9mm and d = 1.1mm. The

phase of the reflection coefficient p3 shows resonance behaviour at box

dimensions d = 1.5mm and d = 1.8mm. The previously used equivalent circuit

model was able to predict only one box dimension of resonance behaviour for

each reflection coefficient. The new circuit model of Fig. 6.7 predicts the

resonance behaviour of all 4 package dimensions. The resonances at box

dimensions d = 0.9mm and d = 1.8mm are predicted accurately but the two other

resonances appear still shifted with the box dimension d. Moreover tuning of

the circuit elements does not result in the fitting of these resonances. The

resonances at d = 1.1mm and d = 1.5mm are predicted by the equivalent circuit

model to be close together. However the full wave data does not show

resonances of the same strength and location.

.99.



7. STUDY AND DEVELOPMENT OP THE MICROSTRIP-LSM MODE COUPLING
DESCRIPTION

7.1. IMPROVED ANALYTIC FORMULA FOR THE COUPLING DESCRIPTION

The coupling between the fundamental microstrip mode and the parasitic LSM o

mode is described by transformers in the physics related equivalent circuit
models Up to now the prediction of the transformer ratios have been based
on a first order analytic approximation (Section 3.3). Therefore, in order

to obtain more refined equivalent circuit models a more detailed
investigation into the transformer ratio description was done.

The fundamental microstrip mode and the LSM o package mode are coupled by

their common electric field in the package. Therefore, the coupling between

the fundamental microstrip mode and the package mode can be determined by the

scalar product of the electric fields of both modes in the package

cross-section A:

nE = 1/A fAf Estrip * ELSMo dA (1)

The electric field of the parasitic LSMo mode is only weakly disturbed by the
presence of the metallisation of a microstrip line. The electric field of
the parasitic LSM o mode can be described to a good approximation by:

ELSMo(xy) = ELSMo sin(nx/W S) (2)

Fig. 1 shows the cross section of the package and the geometry and electrical

data used in the following calculations. The electric field of the

fundamental microstrip mode can be approximated by:

Estrip (x,y) = E strip' -Weff/2 < x 4 Weff/ 2  (3)
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I WTH

I "d - -- -- - -- -

Fig. 7.1: Cross-section of the package under investigation

where Weff is the effective width of the microstrip line. The value of the

effective microstrip width can be determined using an equivalent magnetic

wall model. With this approximation, the coupling between the electric field

of the fundamental microstrip mode and the LSM o package mode is determined

by:

E /E- [Cos(" . (x~g W f)Cos -(x + W eff
ELSM/Estrip 1 m -f- mo s s

However, the transformer ratios n and i, are defined in the equivalent circuit

models as:

numu = ULSMo/Ustrip (5)

Therefore, the voltages at the transformers in the equivalent circuits have

to be determined as a function of the models' electric field in the package.

The voltage between the ground plane and the microstrip can be found approxi-

mately from the electric field of the fundamental microstrip mode using
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Ustrip =h. strip

For the parasitic LSMo mode, evaluation of the power flux of the parasitic

mode in the package and its representation by a transmission line in the

equivalent circuit models gives a relationship between the voltage at the

transformers and the electric field in the package. The power flux of the

LSM o mode can be calculated from:

P = 0.5(E y.H x).(h+H).W s = E2 (h+H).W /2Zy y (hH)Ws2Z

with Zf = (Z0 /y'Er)/ Vl-(fc/f) 2

The power flux in the transmission line in the equivalent circuit models can

also be described by:

P = 0.5 U2LSMo/ZL (8)

with Z 0 (h + H) 1
L /E r Ws /1-(f c/f) 2

Since both descriptions of the power flux are equivalent then

ULSM = Ws  ELSM (9)

With the application of this relationship the transformer ratios are

determined by

n ' =W s .[Cos(' s (x m  W ff))-Cos(' s (Xm+ W -f-f) (10)
u ( W e.

5 5

The investigation of the transformer ratio uses the characteristic impedance

.102.



ZL of the LSM o package mode. However, the definition of characteristic

package mode impedances is ambiguous with respect to its absolute value.

Therefore, a correction factor must be introduced to fit the equivalent

circuit models to the numerically generated full-wave data. The transformer

ratios nu ,mu of equation (i0) have to be modified by a factor 0.25 to account

for the LSM o standing wave situation in the package in regard to the above

transported power considerations. The additional correction factors

mentioned are the quantities N,M listed in the header of each result figure.

Their nominal (uncorrected) values are +1/-i depending on the transformer

orientation.

7.2. VERIFICATION OF THE TRANSFORMER RATIO DESCRIPTION USING THE GAP MODEL

Because the coupling between the fundamental microstrip mode and the LSM o

package mode is significant, the microstrip gap discontinuity is a good test

case for applying the new transformer ratio formula.

j 101 02L T
\-W1 W 2  WS

H T _

Is X1 S X2  Is

d X1 + x2 +s+ 2[s

Fig. 7.2: Microstrip gap discontinuity with feed lines and current sources
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7.2.1. Gap Width Variation

First the coupling between the fundamental microstrip mode and the LSM o

package mode as a function of the microstrip gap width was investigated, for

the gap discontinuity structure of Fig. 7.2.

Numerical full-wave data was used for comparison with the circuit models.

The configurations studied had the following geometric parameters:

h = 1004m, H = 500pm, w = 100pm, ws = 3.1mm, Xm = 1.5mm, Er = 12.9 with the

following gap variations, g = 1000m, 200pm and lO01p. The analysis

frequency was 55 GHz.

The results (Figs. 7.3-5) show the phase of reflection coefficients on the

microstrips at both ports of the discontinuity. The correction factors M and

and N for the transformer ratios were set to -1 or 1. M = -1 indicating that

the transformer should be connected in the equivalent circuit with ports of
one winding interchanged. Z and Zs, are the LSM o and LSM o' mode characteri-

stic impedances.

As can be setn the physics related gap model including the coupling between

the fundamental microstrip mode and the LSM o package mode gives a compara-

tively accurate agreement between the numerically generated full-wave data

and the results of the equivalent circuit model. The transformer ratio is

well described by the improved analytical formula for large gap widths (g =

1mm) up to small gap widths (g = 100pm).

7.2.2. Strip Width Variation

The microstrip strip width w = 100pm was changed to further verify the new

transformer ratio. Two cases, w = 50,,m and w = 200pm were studied. The

geometric parameters for this second study were:
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Fig. 7.3: Gap model S11 and S22: gap 1.0 mm
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Fig. 7.4: Gap model S11 and S22: gap 0.2 mm
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Fig. 7.5: Gap model Sit and S22: gap 0.1 mm
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f = 55GHz, h = 100 Lm, H - 500pm, g = 100 tm, Ws = 3.1mm, Xm = 1.5mm, Er

12.9

The results of the analysis using the physics related equivalent circuit

model with ideal correction factors for the transformer ratios n = -1 and m =

I are shown in Figs. 7.6 and 7.7. The agreement between the numerically

generated full-wave data and the results of the equivalent circuit model is

excellent for the w = 200km example. The predicted resonance due to the

coupling between the fundamental microstrip mode and LSM o package mode (d =

4.0mm) for the w = 50Am example shows good agreement.

7.2.3. Frequency Variation

For further verification of the calculated transformer ratios, the frequency

of f = 55GHz investigated before was extended to f 50GHz and f = 80GHz.

In this study the geometric parameters were set to:

w = 1004m, h = 1004m, H = 500 m, g = 1004m, Ws = 3.1mm, Xm  1.5mm, Er =

12.9.

The decrease of frequency 55GHz to 50GHz results in a significant decrease of

the effective dielectric constant of the LSMQ package mode (Eeff (55GHz) =

0.422, Eeff (50GHz) = 0.258). The phase of the reflection coefficient of the

fundamental microstrip mode at both ports of the discontinuity is given in

Figs. 7.8 and 7.9. Both examples show a good agreement between the

numerically generated full-wave data and the results of the equivalent

circuit model.
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Fig. 7.6: Gap model SI and S22: width 0.05 mm
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Fig. 7.7: Gap model $11 and $22: width 0.20 mm
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Fig. 7.8: Gap model S11 and S22: frequency 50 GHz
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Fig. 7.9: Gap model S11 and S22: frequency 80 GHz
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7.2.4. Variation with the microstrip position in the package

In the previous studies the microstrip position was set in the middle of the

package (package width Ws = 3.1mm, position Xm of the strip Xm = 1.5mm). The

following three gap configurations show the transformer ratio dependency on
the position of the microstrip in the package. The structural paramters in

this study were set to:

w = 1004m, h = 100pm, H = 500pm, g = 1004m, Ws = 3.1mm, f = 60GHz,

Er = 12.9, for the following positions, Xm = 1.5, Xm = Imm, and Xm
O. 5mm

The predicted transformer ratios for these microstrips are 0.12, 0.1 and 0.06

respectively. On using these predicted transformer ratios in the microstrip

gap model, good correlation between the numerically generated full-wave data

and the results of the equivalent circuit model is obtained (Figs. 7.10-12).

7.2.5. Small gap width study

Up to now the microstrip gap discontinuity has been analysed for relatively
large gap widths (s = 1mm, 2004m, 100pm) as compared to a strip width of

1004m and a substrate height of 100pm. In the previous examples it has been
shown that for various gap configurations (all of relatively large gap width)

the field-theory based full-wave data show essentially the same behaviour of

the phase of the reflection coefficient at the discontinuity ports as the

results of the equivalent circuit model. For a smaller gap width the phase

of the reflection coefficient of the microstrip mode decreases and therefore

the strength of the excitation of the package mode decreases (destructive

interaction of the two open end effects). A gap discontinuity of width s =

204m (w = 100pm, h = 100pn) was analysed for additional verification of the
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Fig. 7.10: Gap model S11 and S22: position 1.5 mm
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Fig. 7.12: Gap model $11 and S22: position 0.5 mm
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Fig. 7.13: S11 and S22 for small gap 0.02 mm
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dynamic gap discontinuity model. The full-wave data and the results of the

equivalent circuit model are plotted in Fig. 7.13. The resonance behaviour

of d = 3.7mm is predicted quite accurately using the predicted transformer

ratios. The correction factors N and M are set to -1 and 1.

7.2.6. Transformer Ratio Variation

To test the new transformer formula further, the effect of changing the

predicted ratios set in the previous examples on the model performance was

studied. The cases investigated are given below.

The gap discontinuity described by the case, f = 50GHz in Section 7.2.3. was

studied again. The correction factors M and N, which have been set to -1 and

1 in the previous analysis of the transformer ratios were set at N = -1.2 and

M = 1.2. This increase of 20% of the transformer ratios gives a significant

change in the behaviour of the phase of fundamental microstrip mode

reflection coefficient (Fig. 7.14), from that obtained for the ideal

correction factors.

Another case re-examined was the gap discontinuity described by f = 60GHz, w
= 100LUm, g = 100 1 m, Xm = 1.5mm is the second example for sensitivity

considerations. The correction factors M and N, which have been set to -1

and I in the previous verification of the transformer ratios were set at N =

-0.8 and M = 0.8. This decrease of 20% in the transformer ratios does not

show significant influence on the behaviour of the phase of the reflection

coefficient of the fundamental microstrip mode (Fig. 7.15).

The last case analysed was that of Section 7.2.1. g = 1O0m. The correction

factors M and N, which have been set to -1 and 1 in the previous verification

of the transformer ratios were increased significantly to N = -1.5 and M =

1.5. This increase of 50% of the transformer ratios shows its influence on

the behaviour of the phase of the reflection coefficient of the fundamental

microstrip mode (Fig. 7.16), resulting in less agreement with the model.

.113.



2U 0w s ' - 1 . 0 F,, I I . 0630 1

2.6 2.8 3.0 3 . 3 4 3.6 3.8 4.0 4.2 4.4 4.6

l*rg',ho) . . I *rq(rbo

- - - t - 50 .I i .1]

-12. ______________0__

-28. -222.

NEW MODEL SFPMIC LINMIC+

Fig. 7.14: Transformer ratio increase of 20%
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Fig. 7.16: Transformer ratio increase of 50%
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These simple sensitivity studies show that the new transformer ratio formula

basically describes the fundamental microstrip mode and the LSM o package mode

coupling for the microstrip gap discontinuity.

7.3. DISCUSSION OF THE FREQUENCY DEPENDENCY OF THE TRANSFORMER RATIO

In order to study the frequency dependency of the transformer ratio, the

model given in Fig. 5.1 was replaced by that shown in Fig. 7.17.

Sx1 X 2

1'- LSMo mcde ©

6> 101 0 microstrip 0

Fig. 7.17: Modified open-end circuit model in a package

This equivalent circuit was found to be more accurate where l s is the source

length, x1 the microstrip length, dl the microstrip end effect and x2 the

distance from the microstrip end to the package end.

The equivalent circuit model for the open end discontinuity is given in

Figure 7.17 by the equivalent circuit to the right of the ports 2 and 2' with

the LSM0 mode length x2 removed.

This circuit model was applied to example open end configurations over a

large frequency range. One of the structures modelled had the following open

end geometry parameters:
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h = 100pm, H = 0.500mm, ws = 3.000mm, xm = 0.500 Ws
w = 504m, x= 1.179mm, x = 2.886mm, is = 1.20w

where xs is the feed length, xm the strip position along the package width,

X the package length and Is the source length.

The following correction factors were also applied to the elements of the
equivalent circuit model. FC DL is the correction factor that modifies the

the open end equivalent length dl. FC N is the correction factor that
modifies the predicted transformer ratio N. FC P is the correction factor

that modifies the approximated propagation constant OLSM" The dashed curve

(Fig. 7.18) shows the phase of the scattering parameter Sil, if the

approximate propagation constant is used together with the correction factor
FCP. The dotted curve in Fig. 7.18 shows the phase of S,, if the correct

values for the propagation constants a LSM (
analysis) are used giving a very small further improvement.

The above results show a discrepancy between the numerical full-wave results

and the scattering parameter S1 determined from the circuit model when low

frequencies are approached. The reasons for this discrepancy can be

determined as follows. At low frequencies the LSMo mode is below cut-off

(below 46 GHz) for the above structure. The input impedance of the LSM o

transmission line loaded with the short circuit representing the electric end

wall is:

Zin =j I ZLSMI tanh (-IOLSMI 1)

Z in(f~f c ) ~ i/Vl-(f c/f)2 _ f

where 1 is the line length.
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Geometry: w- .050 h= .100 H- .50 Ls=3.000 xm- .5*Ws xs=1.179 xp=2.RB6

Corr. Fct: FC N- 1.5710 FC DL= 1.0526 FC P- .3725
f/GHz
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Fig. 7.18: Open end Sl with correction factor
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the microstrip open end transformer being loaded with impedances relating to

the LSM o and LSM o' modes. If these impedances vanish for frequencies

approaching zero and the transformer ratio N is considered independent of

frequency, the equivalent circuit model will show the incorrect low

frequency behaviour . Since the transmission line characteristics Zf LSM and

LSM of the package mode are sufficiently justifiable, the reason is found to

be in the factor 1-(f c/f) 2 which is only weakly dep-ndent on frequencies

sufficiently high above cut-off. A theoretical study therefore was made

which shows how the voltage and associated parasitic mode current behaves in

the asymptotic low frequency limit. From this study it was concluded that

the transformer ratio description had to be frequency dependent.

7.4. FREQUENCY BEHAVIOUR OF THE TRANSFORMER RATIO

The major problem in the open end model was the frequency dependent behaviour

of the transformer ratio N describing the coupling between the microstrip

node and the LSMo package mode. Up to now the transfer ratio N has been

considered successfully independent of frequency. However, an inconsistency

occurs because the frequency behaviour of the transformer mode in conjunction

with the frequency dependent LSM o characteristic impedance results in a short

circuit of the LSMo mode transmission line in the static circuit model.

This behaviour is considered as not being physical and has to be

reconsidered. To overcome this inconsistency a theoretical study similar to

those already performed on ideal wave-guide discontinuities was undertaken in

order to get a more detailed look on the frequency dependency of the

transformer behaviour above cut-off.

In this study for frequencies above cut-off the following assumptions have

been made. Two waves are propagating on the microstrip transmission line on

the left port of the discontinuity (Fig. 7.19). One wave is travelling in

the positive and the other in the negative z-direction. At the other

discontinuity port there is only one LSMo mode travelling in a positive
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z-direction. All other modes are assumed to be sufficiently cut-off and as

such are lumped into the quasi-static model parameters.

-i-- z

b = ro

Microstrip LSMo mode

Fig. 7.19: Schematic of the discontinuity microstrip - LSM o mode

From the boundary condition for the electric field in the transverse plane of

the discontinuity, the equation

(1 + ro) * T = ELSMO/Emicrostrip

can be estimated, where T is the scalar product between the electric field

distribution of the fundamental microstrip mode and the electric field

distribution of the LSMo package mode. Previously this scalar product has

been used to predict analytically the transformer ratio N. The boundary

condition for the magnetic field in the transverse plane of the discontinuity

gives a second equation

(I + o) * (i/ZL microstrip - I/ZLLSMoT) = 2/ZL microstrip

where ZLmicrostrip and ZLLSMOare the characteristic impedances of the

fundamental microstrip niode and the LSMo package mode. From these two

equations the reflection coefficient ro can be calculated.
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r =Z LLSMO-T* Lmicrostrip
0 Z LLSMO + T/*Z Lmicosti

The next step is to compare this reflection coefficient to the reflection
coefficient of the ideal transformer shown in Fig. 7.20.

ZLmI cro~tEIp C ZL LSMo

Fig. 7.20: Mode coupling transformer

The scattering matrix of thi;, ti-dnsformer is

Z LLSMO N* Lmicrostrip 2*N*YLLLSMO L microstrip

Z LLSMO N2ZLmicrostrip Z LLSMO N2ZLmicrostrip

2**/ LSOLLmicrostrip zLLSMO -2ZLmicrostrip-

Z N2ZZ N*
LLSMO Lmicrostrip LLSMO Lmicrostrip

A comparison between the reflection coefficient of the ideal transformer and

the ideal discontinuity (microstrip - LSM0 mode) shows that for N=T the
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ideal transformer reduces to the equivalent circuit model for the junction

microstrip mode - LSMo mode, indicating again that the transformer ratio

for frequencies above LSMo cut-off is freqjency independent.

At the same time this result shows that two different frequency regions are

needed for the transformer ratio description, one applying above LSMo

cut-off with no frequency dependency (used up to now) and the other for

frequencies below cut-off having a frequency dependence. The frequency

dependent description of the LSMo mode for use in the low frequency part of

the spectrum below cut-off is already included into the discontinuity quasi-

static portion.

Within the quasi-static range the package field can be described for every

frequency by a superposition of LSM and LSE modes. The stray field of the

open end is mainly determined by a superposition of LSE modes only, but

contains implicitly a small LSM o portion. The LSE modes are dominant and

represent a capacitive load on the microstrip, this effect being considered

in the equivalent circuit model by the quasi-static open end length. In this

case all higher modes are far below cut-off and as such this quasi-static

description is valid for increasing frequency.

As the LSMo mode approaches cut-off or is above cut-off, the LSMQ package

field content becomes important. LSE mode effects now can be described by

the quasi-static effective open end length, because the LSE modes are far

below cut-off. Since the LSMo mode is dominant in the package field, the

coupling between the fundamental microstrip mode and the LSMo package mode

has to be considered, as in the dynamic circuit model description.

The following illustration shows the range of validity for the quasi static

part and the LSMo part of the dynamic model, Fig. 7.21. The two ranges

overlap showing the unified description of the dynamic model.

.122.



h + H dynamic equiv. circuit model not
fLSE valid in its

f LSN fLSE f  quasi dynamic simple form

static LSM (further modes

range range have to be

N included)

LSM 0  fLSMO f LSM1  W
CC f C WS

Fig. 7.21: Validity of the dynamic, open end discontinuity model

The superposition of LSM and LSE modes in the form (dlN) shows the correct

quasi-static and dynamic mode behaviour, the equivalent circuit representa-

tion of the LSM and LSE mode parts of the dynamic model having to reflect

this superposition.

As can be deduced the range of validity of the quasi static model part is

restricted to frequencies below the first cut-off frequency of LSE modes,

where

ffcLSE=2o +
f C z /20 1()VE reff

In this range the quasi static open end length can be considered essentially

constant, nearly independent of frequency.

The LSM o mode behaviour, represented by a transformer and transmission

lines has to reflect that the LSMo mode is frequency dependent below

cut-off and that the LSMo energy content is lumped into the value of dl in
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Geometry: w- .100 h= .100 H=1.00 Ns=3.000 xm= .S*Ws xs=1.099 xp=3.058

Corr. Fct: FC N= 1.0000 FC DL= 1.1262 F: P= 1.0000
f/GHz

0. 10. 20. 30. 40. 50. 60. 70. 801 t

N,_ __,I0.

i.05 _ _ _ -4.

.02 -8.

:.30 _.__ __ _ __ _ , ____ _ -12.

.o -16.

.35 _0 _ 20.

.32 __ -24.

.90 _ -28.

SFPMIC _EFIsm ap_. E t.sm ..e.x.t

Fig. 7.22: Open end 1 S11 with empirical correction

Geometry: w= .050 h= . 100 H=I .00 s=3.000 xm= .2*Ws xs=1.133 xp=3.059
Corr. Fct: FC N- 2.0003 FC DL= 1.0208 FCP= 1.0000

f/GHz
0. 10. 20. 30. 40. 50. 60. 70. 80.

'IN _"0.

.N2 -2.

.90 T 5 -5.

N. 1 - 6

.3 __ _-__ _ _ __ _ _ _ _ _ _ N - 2
.3 _ _ _ _ _ _ _ _ __ _ - __ _ __ _ _ -5.

SFPMIC .[FIsm app, EFism er t

Fig. 7.23: Open end 2 S11 with empirical correction
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the asymptotic limit. This LSM0 behaviour below cut-off is taken into

account by the introduction of the empirical function.

N = N0 . cos2  .(f-fcLSMo)

where No is the transformer ratio that has been used for frequencies above

cut-off. The results in Figs. 7.22 and 7.23 use this empirical correction

for the transformer ratio and as can be seen show good agreement with the

numerical data.
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8. PARAMETER EXTRACTION METHOD

8.1. METHOD

In the modelling procedure two numerical full-wave S-parameter databases are

generated for each discontinuity. These databases are dependent on the

geometric dimensions of the discontinuity structure in the package and upon

frequency. The first database is based on a low frequency analysis with

package dimensions such that LSM, mode effects are at a minimum. This

database is used to obtain the quasi-static elements of the model. For the

second database, package lengths are chosen so that the length is larger than

kLSMo at the maximum frequency under consideration and the LSM o package mode

goe; resonant within the frequency range of analysis. In such a situation

the coupling between the microstrip and package mode has considerable

influence on the discontinuity behaviour and the transformer ratios can be

determined with good accuracy.

The curve fitting procedure based on such data is organised in automated form

with the additional possibility of manual tuning. This procedure is based on

a computer assisted search for the minimum of the function

N
S M Is o e D - sMm (fmpi)I q

n~n mm

where SDm (f n) is the scattering parameter m of the data base for frequency
f sMM (fnPi) is that of the equivalent circuit model and parameter set

pi and q is a variable in the optimisation procedure. The algorithm used is

based on the method of conjugate directions (1), the value of q being

increased to obtain an error minimum.

The equivalent circuit models previously studied are able to predict the

discontinuity behaviour with reasonable accuracy. The elements in these

models are described by geometrical dimensions, electric characteristics of
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the transmission lines and the LSMo/LSM o ' package modes and analytical

formula for the transformer ratios. In addition quasi-static analytical

formulae descriptions of the discontinuity are used to build up the dynamic

equivalent circuit models.

For example in the open end discontinuity case, the reflection coefficient on

the feed line is calculated from the equivalent circuit model as a function

of the geometric variables and frequency.

p = a(w, h, H, f, Ws, Xp3 LSMo, ELSMo )

The quasi-static effective line length and the transformer ratios for the

open end will be evaluated as a function of the input parameters

dlstatic = b(w, h, H, f, wS)

where the start function for dlstatic can be published analytic formula. If

a refinement to the dynamic model is required the current formulae will be

used in conjuction with correction factors FC DL and a new function derived
from curve fitting. Such a method is also used in deriving the transformer

ratio.

n fitted = npredicted * fn cd(w, h, H, f, wS )

where the correction factor fnc2 (FCN) will have a value of about 1 for most
geometric configurations, d being a function depending upon frequency and the

discontinuity configuration dimension parameters in the package.

8.2. REFERENCES

(1) Bandler, J.W., Chen, S.H., Circuit Optimisation: The state of the art,

IEEE MTT-36, Feb. 1988, p.424.
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9. MICROSTRIP OPEN END MODEL

The physical environment used in the full wave analysis of the open end

discontinuity in a package is shown in Fig. 9.1.

W. W$

h Hx

i ,X,

d =x x, X+ IS

Fig. 9.1: Microstrip open end discontinuity in a package

where d is the package length and ws the package width, 1 is the length of

the source, xI the feed strip length and w1 the strip width. The equivalent

circuit model of this situation is shown in Fig. 9.2.

x 2

, > LS,,o mcde

i x1  - d L --

1 0110 microsirip

Fig. 9.2: Dynamic circuit for the open end discontinuity in a package
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The model takes into account the excitation of the LSM 0 package mode at the

open end discontinuity and at the current source through the transformers N

and M respectively. The discontinuity model is a 3-port circuit shown in

Fi g. 9.3.

L SM0  L SMO

transforrner

-jo en end length

microstri p

idea[ open end

Fig. 9.3: Open discontinuity model

where dl is the extra static open end length.

9.1. ANALYTIC FORMULA FOR THE STATIC PART OF THE DYNAMIC EQUIVALENT CIRCUIT
MODEL

The dynamic equivalent circuit model consists of a quasi-static part (the

effective equivalent open end length dl) and a dynamic part describing the

coupling between the fundamental microstrip mode and the parasitic LSM o

package mode. The quasi-static part of the equivalent circuit model needs

refining for the effective equivalent open end length dl. The analytic

description of dl was based on published formulae. However, the published

analytic open end formula does not consider the effects of package width.

The smallest package width under consideration in this project is Ws=0.5mm

that is 5 times the substrate thickness. The behaviour of such open end

configurations is influenced considerably by the lateral side walls.
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Therefore, the new analytic formula for the quasi static effective open end
length must take the effects of package width into account.

In order to obtain the refined analytic formula a database of S-prameters for
a wide range of open end-package structures were generated. For the
database normalised parameters for the open end configurations: strip width

w/h, cover height H/h, substrate width W s/h and frequency f*h, were used.

The dielectric constant of the substrate was 12.9 (GaAs).

The position of the strips was fixed to the center of the package
( Xm=O.5*W s). To cover the geometry range from imm to 3mm for both package

lateral dimensions, a minimum substrate height of h=0.O5mm and a maximum

substrate height of 0.2mm, the range of normalised package parameters Ws/h

and H/h for the data base was set for 5 W s/h, H/h < 60. However since high

H/h ratios cause LSE modes in the package and high Ws/h ratios cause the

second LSM mode to be excited in the frequency range of interest, the upper
limit was not used. Therefore, considering a O.imm substrate, the physical

parameter range for the data base generation was fixed to 0.5 < Ws, H < 3.

The normalised frequency range used was 0 < f*h < 12 GHz*mm (frequency range

0-120 GHz on a 0.1 mm substrate).

For some of the open end configurations investigated, convergence was checked

with resoect to the number of expansion functions and spectral density used

in generating the numerical data base. The CPU time spent for the numerical

analysis of the open end configurations was small for wide strips in narrow
packages, increasing considerably for the analysis of narrow strips in wide

packages. The computation accuracy of the effective open end length dl in

the final data base generation was estimated to be less than 5% for narrow

strips and much better for wide strips.
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The second step in the generation of final quasi-static analytical formulae

for the discontinuity was to fit the numerical data base results, that is the

phase of the reflection coefficient of the fundamental microstrip mode, to

the equivalent circuit model by computer matching. The correction factors,

dl data base

fcl dl state-of-the-art

were generated for final model tuning and are listed in Table 1 (Section 9.4)

together with the geometrical parameters describing the open end

configuration (HH is the height from package cover to substrate, x theP
package length and XFEED the microstrip length). The analytic formula for

the open end length, dlstate-of-the-art was taken from M. Kirschning (1,2).

The correction factors fc dl have a value near 1. The maximum relative

deviation between ata base and published formula found for I 1-f cdl I is
9.2% and the . age error is 2.2%. The maximum relative error appears for

small pack o, 4idths.

Starting from the published analytic open end formula and taking into account

a correction factor for the substrate width, the final analytic formula for

the quasi-static effective open end length is

dl/h = fl * f2  • f 3

f = 0.4372 (1 + 0.449 (1 0.634
Eeff. 0 8 1-0.1890 (w/h) 0 .854 4 _0.87

f2 = I - 0.1248 . exp (-3.7259.w/h)

h Ws
= 1 - 0.0385 (1 - a

The maximum relative deviation between data base and these formulae is 3.92%
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and the mean deviation is 0.751. The range of validity is determined by the

outlined parameter range of the data base.

9.2. ANALYTIC FORMULAE FOR THE TRANSFORMER RATIO

Although in the dynamic part of the equivalent circuit model a preliminary
analytic description of the transformer ratio has been developed (Section 7),

up to now the coupling between the microstrip and the LSM0 package mode has

not been studied in detail for frequencies near package resonance. For such

a study a full wave database was generated for a set of open end disconti-
nuity structures.

As previously, normalised parameters were introduced for the data base

generation. The physical reference substrate height for the numerical

computations was again h=1OOm. The denormalised frequencies used were

50.. .120 GHz.

The database package height values were restricted to H=0.5mm and H=lmm,
because for larger package height the first LSE cut-off frequency would be
lower than 120 GHz, i.,. within the frequency range of interest, the dynamic

equivalent circuit model being invalid for frequencies beyond LSE mode

cut-off.

The package widths considered were Ws=2mm (Ws/h=20) and Ws=3mm (Ws/h=30).
For smaller package widths the cut-off frequency of the LSM mode is higher

than the maximum frequency of interest and for larger package widths the
second LSM mode becomes significant in the frequency range of interest beyond

cut-off. In this case the validity of the dynamic equivalent circuit model

would be exceeded.

Open end strip widths between w=O.4mm (w/h=40) and w=O1pm (w/h = 0.1) were

used in the database generation.
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Investigation of the package resonances for various open end discontinuity

configurations highlighted that computer matching for fine tuning of the

analytic formula of the transformer ratio required a very high numerical

effort and the reflection phase coefficient needs the computation of a large

number of frequencies near package resonance to obtain accurate behaviour.

From the study of all these open end configurations the final analytic

formula

N' = ao [cos (-. (Ws-Weff)) - cos( (W +W HIeff))]
s S

Weff = Zo  h/Z L /Eeff, where (Z o = 120E ohms)

was developed for strips positioned in the middle of the package where the

parameter a0 is a fine tuning parameter. In Figs. 9.4-7 representative

results demonstrate the degree of accuracy achieved with this final analytic

formula with a0 =1. In the figures xm is the feedstrip position along the

package width, xs the feed length and xp the package length.

Due to the CPU time limitations outlined it was not possible to quantify the

relative maximum deviation or a mean deviation for the above analytic

formula. A deviation in the resonance frequency of about 1% is large enough

to caase a high maximum deviation in the reflection coefficient phase for

frequencies near package resonance. The deviation of the predicted resonance

frequency is a more suitable measure of accuracy and is estimated to be less

than about 2%.

A whole variety of open end configurations for strip widths of w=O.4mm to

w=lO1im, for package widths of 2mm and 3mm and for package heights of 0.5mm

and 1mm were analysed by setting the remaining fine tuning parameter to ao=l,
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Geometry: w- .400 h
=  .100 H= .50 Ws=3.0O0 xm= .5*Ws xs=" .001 xa'I.742

FO- 45.96 Fl= 11.49

f/GHz

48. 54. 60. 66. 72. 78. 64. 90. 96. 102. 108. 114. 120.

" "'K -- 22.

. I

, _ _ " l4.I- I

.3 1 I - i -122.

KULL-WRVE DY:l. !OIEL STRTIC

Fig. 9.4: Sll open end transformer ratio verification, first configuration

Geometry: w- .IO h= .100 H= .50 Ws=3.000 xm= .5*Ws xs=1.092 xp=1.7 42

IFR= 45.96 Fl= 11.49
f,'GHz

48. 54. 60. 66 . 72 78. 84. 9P. 96. 102. 108. 114. 120.

-- 2,.

* ,'', I
SI - -L- -Ta

.9

U1L-WRVE DYN._ MODEL STATIC

Fig. 9.5: Sl1 open end transformer ratio verification, second configuration
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Geometry: w- .050 h- .10O H= .50 s3.000 xm= .5*Ws xs-1.125 xp-1.742

FO- 45.96 FI= 11.49
f/GHz

48. 54. G6. 66. 72. 78. 84. 90. 96. 102. 108. 114. 120.

-10.

1.05 -. ......

-20.

Op _ -30.

97
-- - _-40.

F I

30 .... ._____________ -GO.

FULL-WRVE YN. MODEL STRTIC

Fig. 9.6: Sll open end transformer ratio verification, third configuration

Geometry: w- .010 h= .100 H= .50 Ws=3.000 xm= .5*Ws xs-1.167 xp-1.742

FO= 45.96 F1= 11.49
f/GHz

48. 54. 60. 66. 72. 78. 84. 90. 96. 102. 108. 114. 120.

1.07l 
0.

1 . . ___ -12.

-I -18.

, _ -24.

" -30.

I- -7 - - m - -- 42.

F-TU L--N4aVE flYN. MOfEi STFTIC

Fig. 9.7: Sl open end transformer ratio verification, fourth configuration
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independent of strip width, package width or package height. To avoid very

high CPU times for data base generation, strip widths less than 10 .im were

not reconsidered in this final data base. Moreover, it was found that the

behaviour of the LSM o mode excitation (transformer ratio) is nearly

independent of width w for very small widths, thus eliminating the necessity

of such additional data.

As outlined in Section 7, the transformer ratio provides the correct

description of the coupling between the fundamental microstrip mode and the

LSM 0 package mode for frequencies beyond LSM 0 mode cut-off, fo. In that

section the transformer ratio has been made dynamic for frequencies below

the LSM 0 mode cut-off by the introduction of a correction factor

Ndyn = N' . cosf1 (05 T.(f-fo)/fo)' f~fo"

where the fine tuning parameter f, can be fixed to the value of 2 for most

open end cases in order to reduce the model complexity.

For each open end configuration under investigation the optimum value of the

parameter, f 0 was determined as the parameter fo' = fO/fcLSM° ' where fcLSMO

is the LSM o mode cut-off frequency, by computer fitting the frequency
dependent scattering parameters. The mean deviation Fmean, the maximum

deviation Fmax (in degrees) and the maximum deviation Fmaxr (in %) between

the phase of the reflection coefficients taken from the data base and the

equivalent circuit model, were determined and are given in Table 2 (Section

9.4) for each open end configuration. The individually fitted parameters f0
are dependent on the geometry of the open end configurations. The maximum

deviation is less than 20. The computer based fitted values and the

deviation are based on a frequency range 0Wf40.85 fres* This restriction was
introduced during optimisation because a small deviation in the predicted

package resonance frequency causes significant deviations in the reflection

coefficient phases for frequencies close to package resonance. This

sensitiv range had to be avoided. The results in Figs. 9.8-10 show the
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Geometry: wu= .180 h= .100 H= .58 Ws= .500 xm= .5*Ws xs= .378 xp=1.526

F004 FGI= 275.6 FG2= 98.4 FRES- 290.4 FO*- 1.08 FI= 2.88
f/GHz

0. 10. 20. 38. 40. 50. 60. 70. 80. go. 100. 110. 120.

-15.

* ___ -28.

.97 -25

.95 -38.

.92 -35.

.90 _ _ -40.

rYN. MODEL2 _FULL-WAVE _ DYN. MODELI STATIC

Fig. 9.8: S1i open end model verification, first configuration

Geometry: w- .100 h= .100 H= .50 Ws=2.000 xm- .5*Ws xs= .397 xpl1.599

F037 FGI= 68.9 FG2= 86.2 FRES- 110.5 FOL 1.81 Fl- 2.00
f/GHz

0. 18. 20. 30. 40. 50. 60. 70. 80. 90. 100. 110. 120.
- - - - - - arg(SII)

-18.

1 .02 IS5.

i.00 _ -- - - - - - - -L- -28.

.9? ___-25.

.95 _____*'-30.

.92 __ __ -35.

.90 _ __I _ -48.

DYN. ?OIEL2 _FULL-WAVE _ DYN. fIODELI STATIC

Fig. 9.9: S11 open end model verification, second configuration
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Geometry: ,w= .100 h= .100 H= .50 Ws=2.200 xm= .5*Ws xs= .599 xp= .?9?

F045 FGI= 68.9 FG2= ?3.1 FRES- 186.5 FO2= 1.56 FI= 2.00
f/GHz

0. 10. 20. 30. 40. 50. 60. ?0. 80. 90. 100. 110. 120.
"-- arg(SIlP

-5.

P '2 _ -15.

.. 0 -22.

9? -25.

.95 -30.

.92 -35.

.90 -40.

nYN. MODEL2 FULL-WRVE _ DYN. _MODELI STRTIC

Fig. 9.10: S11 open end model verification, third configuration

.138.



reflection coefficients calculated from the equivalent circuit model together

with full-wave results. The optimised parameter fo' was found in most cases

to be greater than 1 except for configurations with a substrate width

Ws=O.5mm.

The analytic formula for f0 would have to include a dependence on package

length and the discontinuity position in the package. From modelling, a

simple analytic formula for the parameter f0 was obtained. This formula is

= 1.4 fcLSMo . (I + exp(-O.0638 . (Ws /h) . H/h) ).

(1 - 2.33 . exp(-O.33 . Ws/h)

In order to verify the final analytic formulae additional discontinuity

configurations with strip width 2001;m, 50im, 20im and 10p were analysed. In

Table 3 (Section 9.4) the mean deviation Fmean and the maximum deviations

Fmax and Fmaxr are listed for all investigated open end configurations. The

maximum deviation is less than 2.5%. A comparison of the reflection,

coefficient phase of the fundamental microstrip mode and the data base

results demonstrate the accuracy of the analytic formulae.

9.3. OPEN END MODEL SUMMARY

A summary of the analytic formulae for the open end discontinuity is given
in this section where ZLmicrostrip and E microstrip are computed according

to procedures in Section 4. Units are MKS unless indicated otherwise.

Quasi-static open end length

dl/h = fl * f2 * f3

0.449 0.634
fi= 0.4372 * (1 + ) ( - 15__ _ _

eff "  -0.189 (w/h)u' "  -0.87

f2= 1 - 0.1248 * exp (-3.7259*w/h)

2
f3 = 1- 0.0385 * h/w * (1- - * atan(Ws/h)
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Transformer Ratio

N = Ndyn

M = -Ndyn

N = N'* cos2 ( 0.5**(f-fo)/fo ) f<fo

N' f> fo

N' 2/*( Cos ( *(Ws Weff))COS - *(Ws + Wff))
2Ws 2ws

Weff = Zo * h ZLmicros trip / effmiC rOstrip

fo =fc 1.4 (1 + exp(-0.0638 *Ws/h * H/h) )*(1 -2.33 exp(-.33* Ws/h))

f

eff (LS0 o) Stat ( T -

CO
wi th f c

2WI. i/star

and C r (H+h)ad Stat r sTt

ZL  (LSMo  • + - 0

(Zo . 120%9, c. . 2.9979 108 ml/s)

Ranqe of Model Validity

The above models are valid for Er = 12.9 and the following geometric ranges:

quasi-static model: 50ran1 4 h 4 200pm

0.0254 w/h 4 4

5 < Ws/h 4 30

5 4 H/h < 20
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dynamic model: 0.2 < w/h < 1

5 4 Ws/h < 30

5 < H/h < 20

where the quasi-static model is the open end length and the dynamic model is

that of Fig. 9.3.

The dynamic model range is valid for 0 < f*h < 12 GHz mm. Package mode

coupling has little influence for 0 <f*h < 3 GHz mm and the quasi-static

formulae can be used on their own.
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Table 1 ??-N END -ECMETRY

H W wS HH XP XFEED FCDL

.. .000 48 .50 1.075 .533 .994

.10 .0500 .50 .50 1.106 .550 .984

.0 .0200 .50 .50 1.130 .565 .975
4 .10 .0100 .50 .50 1.140 .570 .961
5 .10 .0050 .50 .50 1.147 .573 .965
6 .10 .0025 .50 .50 1.155 .575 .908
S.10 .1000 .48 1.00 1.075 .533 1.000
8 .10 .0500 .50 1.00 1.100 .550 .982
9 .10 .0200 .50 1.00 1.130 .565 .976

I0 .10 .0100 .50 1.00 1.140 .570 .963
i .10 .0050 .50 1.00 1.147 .573 .966

12 .10 .0025 .50 1.00 1.155 .575 .909
13 .10 .1000 .48 3.00 1.075 .533 1.000
14 .10 .0500 .50 3.00 1.100 .550 .981
15 .10 .0200 .50 3.00 1.130 .565 .977
16 .10 .0100 .50 3.00 1.140 .570 .963
17 .10 .0050 .50 3.00 1.147 .573 .966
18 .10 .0025 .50 3.00 1.155 .575 .909
19 .10 .2000 .97 .50 1.033 .517 1.007
20 .10 .1000 .98 .50 1.075 .533 1.000
21 .10 .0500 1.00 .50 1.106 .550 .986
22 .10 .0200 1.00 .50 1.130 .565 .979
23 .10 .0100 1.00 .50 1.140 .567 1.000
24 .10 .0050 1.00 .50 1.150 .575 1.026
25 .10 .2000 . .97 1.00 1.033 .517 1.010
26 .10 .1000 .98 1.00 1.075 .533 1.000
27 .10 .0500 1.00 1.00 1.100 .530 .982
28 .10 .0200 1.00 1.00 1.130 .565 .979
29 .10 .0100 1.00 1.00 1.140 .567 1.000
30 .10 .0050 1.00 1.00 1.150 .575 1.027
31 .10 .2000 .97 3.00 1.033 .517 1.010
32 .10 .1000 .98 3.00 1.075 .533 1.000
33 .10 .0500 1.00 3.00 1.100 .550 .983
34 .10 .0200 1.00 3.00 1.130 .565 .979
35 .10 .0100 1.00 3.00 1.140 .567 1.000
36 .10 .0050 1.00 3.00 1.150 .575 1.017
37 .10 .4000 3.00 .50 .988 .494 1.000
38 .10 .2000 2.97 .50 1.033 .517 1.000
39 .10 .1000 2.98 .50 1.075 .533 .990
40 .10 .0500 3.00 .50 1.106 .550 .980
41 .10 .0200 3.00 .50 1.130 .560 1.010
42 .10 .0100 3.00 .50 1.140 .570 1.017
43 .10 .4000 3.00 1.00 .988 .494 1.005
44 .10 .2000 2.97 1.00 1.033 .517 1.000
45 .10 .1000 2.98 1.00 1.075 .533 .995
46 .10 .0500 3.00 1.00 1.100 .550 .979
47 .10 .0200 3.00 1.00 1.130 .560 1.017
4F- .10 .0100 3.00 1.00 1.140 .570 1.018
49 .10 .4000 3.07 3.00 .988 .494 1.009
50 .10 .2000 2.97 3.00 1.033 .517 1.005
51 .10 .1000 2.98 3.00 1.075 .533 1.000
52 .10 .0500 3.00 3.00 1.100 .550 .982
53 10 .0200 3.00 3.00 1.130 .560 1.015
54 .10 .0100 3.00 3.00 1.140 .570 1.025

. 0 .73 .50 1.075 .533 1.000
.IC .0500 .75 .50 1.106 .550 .986
.10 .0200 .75 .50 1.130 .565 .977

z8 .o .0100 .75 .50 1.140 .570 .961
59 .10 .0050 .75 .50 1.150 .575 1.016
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.0 .0025 .75 .50 1.155 .575 .910
3. i0 .1000 .73 1.00 1.075 .533 1.000
6 .10 .0500 .75 1.00 1.100 .550 .983
63 .10 .0200 .75 1.00 1.130 .565 .979
64 .10 .0100 .75 1.00 1.140 .570 .967
65 .10 .0050 .75 1.00 1.150 .575 1.017
6 .10 .0025 .75 1.00 1.155 .575 .911

.10 .1000 .73 3.00 1.075 .533 1.000
68 .10 .0500 .75 3.00 1.100 .550 .982
69 .10 .0200 .75 3.00 1.130 .565 .979
70 .10 .0100 .75 3.00 1.140 .570 .963
71 .10 .0050 .75 3.00 1.150 .575 1.017
72 .10 .0025 .75 3.00 1.155 .575 .911

Table 2 OPEN END GEOMETRY OPTIMIZED CORRECTION FACTORS

W WS HH XP XFEED F0' Fmean Fmax Fmaxr

1 .100 .50 .50 2.030 .502 .785 .014 .380 .026
2 .100 .50 .50 1.018 .509 .803 .017 .448 .032
3 i00 .50 .50 .678 .509 .773 .019 .477 .034
4 .100 .50 .50 1.526 .378 .934 .010 .246 .044
5 .100 .50 .50 .763 .380 .931 .011 .246 .044
6 .100 .50 .50 .509 .380 .922 .013 .491 .024

10 .100 .50 1.00 2.030 .502 .633 .017 .432 .030
.I 00 .50 1.00 1.018 .509 .650 .021 .501 .036

2 100 .50 1.00 .678 .509 .626 .024 .653 .039
13 .100 .50 1.00 1.526 .378 .758 .011 .326 .042
14 .100 .50 1.00 .763 .380 .764 .011 .386 .042
15 .100 .50 1.00 .509 .380 .750 .014 .595 .025
19 .100 1.00 .50 2.030 .502 1.136 .008 .325 .016
20 .100 1.00 .5u 1.018 .509 1.172 .010 .263 .025
21 .100 1.00 .50 .678 .509 1.133 .010 .252 .024
22 .100 1.00 .50 1.526 .378 1.484 .013 .416 .051
23 .100 1.00 .50 .763 .380 1.412 .011 .272 .051
24 .100 1.00 .50 .509 .380 1.397 .004 lit, .029
28 .100 1.00 1.00 2.030 .502 1.012 .007 .214 .017
29 .100 1.00 1.00 1.018 .509 1.008 .010 .279 .025
30 .00 1.00 1.00 .678 .509 .967 .012 .299 .026
31 .100 1.00 1.00 1.526 .378 1.332 .013 .419 .050
32 .100 1.00 1.00 .763 .380 1.261 .011 .290 .050
33 .100 1.00 1.00 .509 .380 1.253 .004 .131 .028
37 .100 2.00 .50 1.599 .397 1.803 .014 .665 .035
38 .100 2.00 .50 1.599 .795 1.286 .022 1.168 .052
41 100 2.00 .50 1.198 .599 1.562 .009 .192 .026
42 .100 1.97 .50 1.195 .898 1.210 .022 .827 .040
44 .100 2.00 .50 .799 .400 2.147 .012 .355 .031
45 .100 2.00 .50 .797 .599 1.536 .019 .941 .041
46 .100 2.00 1.00 1.599 .397 1.615 .024 1.726 .062
47 .100 2.00 1.00 1.599 .795 1.173 .017 .593 .032
48 .100 2.00 1.00 1.591 1.194 .937 .032 .986 .041
50 .!00 2.00 1.00 1.198 .599 1.538 .011 .740 .028
51 .100 1.97 1.00 1.195 .898 1.112 .015 .827 .033
53 .!0 2.00 1.00 .799 .400 2.883 .018 .753 .034
54 .100 2.00 1.00 .797 .599 1.480 .007 .506 .021
55 100 3.00 .50 1.599 .397 2.815 .019 .293 .036
56 .!00 3.00 .50 1.599 .795 1.618 .030 1.124 .057
58 .!00 3.00 .50 1.199 .299 .428 .017 .498 .043
59 .100 3.00 .50 1.198 .599 1.962 .020 .766 .035
60 .100 2.97 .50 1.195 .898 1.533 .050 1.695 .092
62 .100 3.00 .50 .799 .400 2.662 .010 .229 .032
63 .100 3.00 .50 .797 .599 1.954 .042 1.954 .091
64 .100 3.00 1.00 1.599 .397 1.632 .007 .171 .038
65 .100 3.00 1.00 1.599 .795 1.510 .024 .733 .035
66 .100 3.00 1.00 1.591 1.194 1.191 .054 1.547 .077
67 .100 3.00 1.00 1.199 .299 .273 .030 1.301 .054
68 .100 3.00 1.00 1.198 .599 1.919 .010 .733 .027
69 .100 2.97 1.00 1.195 .898 1.441 .024 .876 .050
71 -00 3.00 1.00 .799 .400 4.670 .021 .861 .035
"2 .100 3.00 1.00 .797 .599 1.881 .011 .397 .020
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Table 3 OPEN END GEOMETRY OPTIMIZED CORRECTION FACTORS

W WS HH XP XFEED FO/ Fmeam Fmax F-aaxr

100 .50 .50 2.030 .502 .930 .021 1.499 .064
2 .00 .50 .50 1.018 .509 .930 .024 1.413 .060
3 00 .50 .50 .678 .509 .930 .031 2.044 .090
4 .100 .50 .50 1.526 .378 .930 .016 .228 .044
5 .100 .50 .50 .763 .380 .930 .016 .241 .044
6 .100 .50 .50 .509 .380 .930 .013 .562 .024
:0 .100 .50 1.00 2.030 .502 .805 .025 1.814 .077
.1 .100 .50 1.00 1.018 .509 .805 .028 1.746 .074
12 .100 .50 1.00 .678 .509 .805 .036 2.405 .105
13 .100 .50 1.00 1.526 .378 .805 .016 .642 .043
14 .100 .50 1.00 .763 .380 .805 .016 .673 .043
15 .100 .50 1.00 .509 .380 .805 .014 1.054 .044
19 .100 1.00 .50 2.030 .502 1.332 .018 .837 .042
20 .100 1.00 .50 1.018 .509 1.332 .025 1.034 .051
21 .100 1.00 .50 .678 .509 1.332 .040 1.754 .088
22 .100 1.00 .50 1.526 .378 1.332 .021 1.018 .051
23 .100 1.00 .50 .763 .380 1.332 .019 .702 .051
24 .100 1.00 .50 .509 .380 1.332 .013 .623 .029
28 100 1.00 1.00 2.030 .502 1.282 .021 1.021 .048
29 100 1.00 1.00 1.018 .509 1.282 .026 1.164 .055
30 100 1.00 1.00 .678 .509 1.282 .040 1.873 .089
31 .100 1.00 1.00 1.526 .378 1.282 .019 .543 .050
32 .100 1.00 1.00 .763 .380 1.282 .018 .226 .050
33 .100 1.00 1.00 .509 .380 1.282 .009 .173 .028
37 .100 2.00 .50 1.599 .397 1.398 .026 .778 .044
38 .100 2.00 .50 1.599 .795 1.398 .028 1.169 .052
41 .100 2.00 .50 1.198 .599 1.398 .028 .665 .045
42 .100 1.97 .50 1.195 .898 1.398 .046 1.024 .086
44 .10C 2.00 .50 .799 .400 1.398 .058 2.109 .108
45 .100 2.00 .50 .797 .599 1.398 .039 .982 .069
46 .100 2.00 1.00 1.599 .397 1.396 .025 1.648 .059
47 .100 2.00 1.00 1.599 .795 1.396 .025 .638 .040
48 .100 2.00 1.00 1.591 1.194 1.396 .058 1.292 .116
50 .100 2.00 1.00 1.198 .599 1.396 .018 .75 .028
51 .100 1.97 1.00 1.195 .898 1.395 .034 .948 .070
53 .100 2.00 1.00 .799 .400 1.396 .038 2.087 .077
54 .100 2.00 1.00 .797 .599 1.396 .015 .507 .022
55 .100 3.00 .50 1.599 .397 1.400 .024 1.192 .052
56 .100 3.00 .50 1.599 .795 1.400 .045 1.124 .067
58 i00 3.00 .50 1.199 .299 1.400 .051 .654 .127
59 .100 3.00 .50 1.198 .599 1.400 .053 1.405 .114
60 .100 2.97 .50 1.195 .898 1.400 .055 1.695 .092
62 .100 3.00 .50 .799 .400 1.400 .055 1.666 .113
63 .100 3.00 .50 .797 .599 1.400 .085 2.104 .172
64 .100 3.00 1.00 1.599 .397 1.400 .013 .187 .038
65 .100 3.00 1.00 1.599 .795 1.400 .026 .733 .035
66 .100 3.00 1.00 1.591 1.194 1.400 .051 1.547 .077
67 .100 3.00 1.00 1.199 .299 1.400 .060 1,301 .131
68 .100 3.00 1.00 1.198 .599 1.400 .028 .733 .058
69 .100 2.97 1.00 1.195 .898 1.400 .025 .876 .050
71 .100 3.00 1.00 .799 .400 1.400 .039 1.798 .066
72 .100 3.00 1.00 .797 .599 1.400 .037 1.036 .081
76 .050 .50 1.00 1.754 .525 .805 .020 .874 .065
77 .020 .50 1.00 1.812 .540 .805 .022 .248 .034
78 .010 .50 1.00 1.841 .547 .805 .025 .117 .041
79 .200 .97 .50 1.620 .481 1.325 .020 1.554 .046
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80 .050 1.00 .50 1.754 .525 1.332 .016 .450 .037
81 .020 1.00 .50 1.812 .540 1.332 .010 .084 .019
82 .010 1.00 .50 1.843 .553 1.332 .014 .064 .029
83 .200 .97 1.00 1.620 .481 1.270 .022 1.801 .049
84 .050 1.00 1.00 1.754 .525 1.282 .019 .561 .044
85 .020 1.00 1.00 1.812 .540 1.282 .012 .165 .024
86 .010 1.00 1.00 1.843 .553 1.282 .014 .078 .023
89 .050 2.00 .50 1.597 .477 1.398 .026 .504 .049
90 .020 2.00 .50 1.600 .478 1.398 .034 .356 .062
91 .010 2.00 .50 1.596 .477 1.398 .050 .400 .093
94 .050 2.00 1.00 1.597 .477 1.396 .023 1.029 .062
95 .020 2.00 1.00 1.600 .478 1.396 .031 .723 .079
96 .010 2.00 1.00 1.596 .477 1.396 .046 .718 .111
98 .200 2.97 .50 1.597 .473 1.400 .032 1.501 .069
99 .050 3.00 .50 1.597 .477 1.400 .025 .401 .054
100 .020 3.00 .50 1.595 .479 1.400 .058 .456 .098
1Ci .010 3.00 .50 1.596 .477 1.400 .035 .210 .075
103 .200 2.97 1.00 1.597 .473 1.400 .019 1.322 .037
104 .050 3.00 1.00 1.597 .477 1.400 .014 .241 .025
105 .020 3.00 1.00 1.595 .479 1.400 .049 .623 .073
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10. MICROSTRIP GAP MODEL

The physical structure of the gap discontinuity in a package showing the two

current source areas used in the full wave analysis is shown in Fig. 10.1.

1 1 10 - -

WW2 W S

is X1 S X2  is

d x1 x2 +s+ 21s

Fig. 10.1: Microstrip gap discontinuity

The structure represents two microstrip lines of width w,, w2 and lengths x1 ,
X2 and source length Is respectively, separated by a gap s. The microstrip

structure is positioned centrally in a package of width ws, cover height, H

and situated on a substrate of thickness h.

-- s --H

LSM° L S M° LSM0

transform ers

gap

Fig. 10.2: Equivalent circuit for the gap discontinuity
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Fig. 10.2 shows the 4-port equivalent circuit for the gap discontinuity.

This model contains a quasi-static equivalent circuit for the discontinuity

description of the fundamental microstrip mode and a transmission line

between the reference planes which describes the behaviour of the parasitic

LSM o' mode. The transformers NI and N2 represent the coupling between the

fundamental microstrip modes and the parasitic LSM o ' modes and the LSM o' mode

ports are loaded with transmission lines. These transmission lines are

terminated by a short circuit to represent the electric end walls of the

package (see Fig. 10.3).

transformers

Fig. 10.3: Dynamic equivalent circuit of the microstrip gap in a package

In this circuit the transformers M, and M2 represent the excitation of the

LSM o mode at the current sources.

10.1. ANALYTIC FORMULA FOR THE STATIC MODEL

The first step in obtaining a suitable gap model is the development of

analytic formulae for the quasi-static circuit part. In the case of the

microstrip gap discontinuity this means the determination of analytic

formulae for the three capacitances of the n-equivalent circuit, Fig. 10.4.
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,C ,

Fig. 10.4: -equivalent circuit model for the quasi-static microstrip gap
discontinuity.

In order to determine these formulae a quasi-static S-parameter data base was

generated over the jeometric range of interest. A total of 960 different gap

configurations were analysed. However this number of different gap

configurations was reduced by omitting certain possible combinations because

of higher mode excitation.

The dielectric constant was fixed to 8r= 12.9 (GaAs).

The position of the strips was fixed to the centre of the package (Xm=

O.5*w s). To cover the geometry range from Imm to 3mm for both package

lateral dimensions for substrate thicknesses of h=0.O5mm to 0.2mm, the range
of normalized package parameters w s/h and H/h for the data base generation

was set 5 w s/h, H/h <60. Upper limit configurations were eliminated

because high H/h ratios caused excitation of LSE modes in the package and

high w s/h ratios the excitation of the second LSM mode with in the frequency

range of interest. Therefore, considering a O.lImm substrate, the physical

parameter range for the data base generation was fixed to 0.5 < ws< 3mm and 1

< H < 3mm.

The data base was generated for the following normalized strip and gap

widths. 0.025 < wI/h 4 4, 1 < w2/w1 < 3 and 0.1 < g/h < 1.5. With respect

to a 0.1mm substrate, this means denormalized parameter ranges of 2.5lm 4 w1

< 400 in, 1 < w2/wI 4 3 and 101 m < g < 150m.
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For the 0.1 mm substrate, the configurations were analysed over the frequency

range 0-120 GHz, equivalent to 0-60 GHz for a 0.2 mm substrate. The

normalised frequency range is in both cases 0 < f*h < 12GHz*mm. For the

quasi-static modelling the S-parameter database was used for frequencies up

to 30 GHz.

Convergence investigations were done for some configurations with respect to

the number of expansion functions and spectral density. It was found that

the computation accuracy increased with the number of expansion functions and

spectral density. Furthermore the analysis of discontinuity configurations

with narrow strips required a higher spectral density than the analysis of

wide strip configurations. As a result the accuracy of the data base

generation for narrow strips is less than the accuracy achieved for wide

strips. The accuracy of the scattering parameter phase is expected to be

better than 5%.

The generation of final quasi-static formulae was completed by fitting the

scattering parameters of the gap database configurations to the equivalent

circuit model by computer matching. As with the open end discontinuity

correction factors of the form.

f Ci data base

c-Ci Ci state-of-the-art i=1,2,3

were generated for final model tuning, the state-of-the-art analytic formulae

Ci state-of-the-art having been taken from published literature (1). The

correction factors fc Ci were found to have a value near 1 except for very

small strips of width 5.m and 2.5pm. The maximum relative deviation between

the data base and the previous formulae for

I 1 5 jstate-of-the-art / data base

1.82% for $11, 4.12% for S22 and 48.5% for S12. The average errors are

0.177% for S11, 0.181% for S22 and 15.2% for S12.
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Using as a base the state-of-the-art analytic formulae, the final analytic

formula for the quasi-static gap capacitances are

2"='f * C3 / mS = 01 "*- *(f/GHz) * (h/mm) * exp (-2.011*g/h*(1.-0.111*wl/h )02935

(1 -4.12 * (1-exp(-0.6688*(h/w1) 0"5 * (w21w) )

* (1. +0.966*exp(-14.47*g/h + 0.6645*w1/h)

01 =0.0594 - (0.0428 * (1-0.5895 * (wi/h))

+ (wi/h) 1.213/(1 +0.0985*(w2/wi-1)1.1

2*-.*f * / mS = 2 (f/GHZ) * (Ci open end /pF) * (02+03) / (1+02)

*z*f * C2 / mS = 2- (f/GHz) * (C2 open end /pF) * (Q2+04) / (1+02)

Q2 =0.1381 * (wi/h+9.0) * (g/h) 3 64 +

2.25 * (g/h)114 * (1.52+0.389 * wi/h) / (1 +0.792 * wi/h)

03 = exp( -0.9545*(w2/Wj)l ' 23  ) - 0.37

04 =exp( -0.9545*(wl/w2)- 2 3 ) - 0.37

where the abbreviations C1 open end and C2 open end denote the static open

end capacitances of the microstrips of width w1 and w2, respectively, and

C tan(.dlopen end )

open end 2itf.z Lmicrostrip

where g is the gap, ZLmicrostrip is the microstrip characteristic impedance

and p the microstrip propagation constant.

The maximum relative deviation, between the data base and the new formula

is 1.14% for SI, 1.68% for S22 and 7.44% for S12. The average errors

based on all discontinuity configurations investigated are 0.142% for S1I,

0.140% for S22 and 2.8% for S12. The mean deviation and maximum deviations

for scattering parameters SII and S22 are obviously very small. The maximum

relative deviations for parameter S12 are found for large gap widths, where

the absolute values of elements C3 of the t-equivalent circuits are very

small. in Table I (Section 10.5) the geometry parameters, the mean deviation

from the data base scattering parameters (in dBs) and the deviation of the
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susceptance (in mS) of the elements of the i-equivalent circuit to the data

base values are listed for f*h=2.54. This normalised frequency was chosen to

show the accuracy of the state-of-the-art analytic formulae. The accuracy,

originally given as a susceptance absolute error, is better than O.lmS. Such

a degree of accuracy is also obtained by the new analytic formulae for the

static part of the discontinuity model, but at the same time it is valid for

an increased parameter range for very large and very narrow strips.

10.2. DESCRIPTIONS OF THE TRANSFORMERS IN THE DYNAMIC MODEL

Preliminary analyses (Figs. 10.5-8, where G is the gap parameter s and xp the

package length), show that the coupling between the fundamental microstrip

mode and the parasitic LSM 0 mode is well described by the dynamic circuit

model using an approximate value for the LSM effective dielectric constant.

The good agreement between the full-wave results and those predicted by the

gap model was achieved by making use of the transformer ratio formulae

developed in the open end discontinuity model. In order to refine the

transformer ratios formulae for the general case the coupling between the

fundamental microstrip mode and the LSM0 package mode was further studied.

In preparation for a more in depth study a full wave data base was generated

for the following geometric parameters:

strip width w1 : 400m, 100pm, 20pm, lOpm

strip width ratio w1 /w 2 : 1, 2, 3

gap widths: 100pm, 50pnm, 20pn, 104m

substrate width Ws :2mm, 3mm

cover height H:O5mm, 1mm

This combination of geometric parameters represented a total of 192

configurations of which a subset of 117 configurations was selected.
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Geometry: wl= .828 w2= .828 G= .850 h= .108 H= .58 Ws=2.888 xp=1.966

f/GHz
72. 76. 80. 84. 88. 92. 96. 188. 184. 108. 112. 116. 128.

sifll - - - arl(Sil,

8.

y Io• 99 -"-'- -=- _ _ -6.

.98 -12.

.97 -15..97 _ -___.

.96 _ -21.

FULL-WRVE DYN. _ODEL

Fig. 10.5: S11 of microstrip gap: gap 0.05 mm

Geometry: wl= .020 w2= .828 G= .850 h= .100 H= .50 Ws=2.888 xp=1.966

f/GHz
72. 76. 80. 84. 88. 92. 96. 180. 104. 108. 112. 116. 128.

-S-2-- arg(SI12

-24- - 90.

.20 _ _ 60.

* [6 _ I 38.

.12 0___- 8.

.0 8 _ _ -30.
. _ - - - - - - _ -38.

.04 0 - -.

.08 _ __-90.

-. 04 -128 .
FULL-WRVE DYN. MODEL

Fig. 10.6: S12 of microstrip gap: gap 0.05 mm
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Geometry: wL= .828 w2= .828 G= .188 h= .188 H= .58 Ws=2.888 xp=l.966

f/GHz

?2. 76. 88. 84. 88. 92. 96. 188. 184. 108. 112. 116. 128.

98.

.4 -.

-30.

-68.

.- 98.

-.1 -128.

FULL-WAVE DYN. MODEL

Fig. 10.7: Sil of microstrip gap: gap 0.10 mm

Geometry: w1= .020 w2= .820 G= .108 h= .100 H= .50 Ws=2.000 xp=1.966

f/-Hz

72 . ?6 . 88. 84 . 88 . 92 . 96. 100. 184. 18. 112. 116. 120.

*\ ! 1 _ -5.

.9 -.. .- --- 113.
SE ___ -98.

. -128.

.94 
-0

-25.

.920

___90 _ -35.

FULL-WRVE DYN. MODEL

Fig. 10.8: S12 of microstrip gap: gap 0.10 mm
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In model element de-embedding procedure the dynamic equivalent circuit of

Fig. 10.3 was used. During the de-embedding the following assumptions were

made:

- the transformer ratios N1 and N2 to be calculated using the same analytic

formulae, introducing the respective strip width of the feed lines and

- the transformer ratios M1 and M2 to be determined by setting: MI=-N1 and

and M2=-N2

The negative signs of the transformer ratios MI and M2 are related to the

way of connecting the ports of the transformer ports to the equivalent

circuit. This also considers that for zero current sources the parasitic

wave excitation at the source ends has the same mechanism as at the gap

ends.

The optimum values of the transformer ratios Nopt for every single gap

configuration were determined by fitting the equivalent circuit model to the

full-wave data base sets. It was found that the analytic formulae for the

transformer ratios developed for the open end discontinuity have to be

modified by a multiplication factor of about 0.6 to obtain an optimum fit in

the data base. With this modification, the final analytic formula for the

transformer ratios NI...M2 is:

N _Mi 1.2 .[cos( -- (ws-Weff'i)) - cos( w (W
5 5

microstrip microstripW ef 1 1 Zo'h/Z Lj Eei~m

where Zo = 120 ohms.

A parallel investigation showed that for narrow gap widths in which the strip

to strip interaction is quite strong, the open end transformer value does not

fit the formulae. The optimum transformer ratios Nopt computed by fitting
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Geometry: wl= .020 w2= .020 G= .050 h= .100 H- .50 Ws-3.600 xp=1.7 3?

f,'GHz
50, 55. 66. 65. 70. 75. 80. 85. 90. 95. 100. 105. 110

J-1- - - 10

I p

.3 _ . '.. -8

.9_8 _ -12.± _

i t - ___ -13.

.984 I i .

t [ -20.
.984 - ,I __ __ _ _.

FULL-WAVE DYN. MODEL STATIC

Fig. 10.9: Sl for gap with same feed strip widths: gap 50A

Geometry: wl= .020 w2= .020 G= .010 h= .100 H= .50 Ws=3.O xp=l.740

f/GHz

50. 55. 60. 65. 70. 75. 8 . 85. 90. 95. 10. 105. 110.

33 I F - -12.

- - -16.

96 -- 495__ -20.

• 96 _ r-24 ,

95 _ j _ -28.

FULL-WAVE DYN. MODEL STATIC

Fig. 10.10: S11 for gap with same feed strip widths: gap l0i
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Geometry: wl= .020 w2- .060 G- .100 h= . 100 H= .50 Ws-3.088 xp~l .737

f /GHz
58. 55. 60. 65. 78. 75. 80. 85. 98. 95. 180. 185. 118.

- - -- - - - - - rg(SI2)

-- - - - 0.

-12.

-A _____-168.

FULL-WRVE _DYN. _MODEL ...STRTI.C....

Fig. 10.11: S12 for gap with different feed strip widths: gap lO0p fl

Geometry: wI= .828 w2= .060 G= .018 h- .1180 H- .50 Ws-3.000 xpI1.740

f/GHz
50. 55. 68. 65. 70. 75. 88. 85. 90. 95. 108. 105 .118.

90.

60.

08.

80.

-98.

.0 ..... I......i- - - - - - - - - - -128.
FULL-WRVE -DYN. MODEL ...STRT.IC....

Fig. 10.12: S12 for gap with different feed strip widths: gap 101.±m
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Geometry: wl= .100 w2= .108 G= .858 h= .180 H=1.80 Ws=2.967 xp=I.825

f/GHz
50. 55. 60. 65. 70. 75. 88. 85. 90. 95. 188. 105. 110.

3 75.--- arg(Si2)

25.

.24

.24 I 25.2 --- ~5 50.

20iII

-- I / -5
....- I i 2

.12 -5.

.08 _lL_ -100.

FULL-WRVE DYN. MODEL STRTIC

Fig. 10.13: S12 for gap of strip width ratio 1
Geometry: wl= .100 w2= .308 G= .058 h= .100 H=I.8 Ns=3.000 xp=I. 825

f/GHz

50. 55. 68. 65. 70. ?5. 88. 65. 98. 95. 188. 185. 110.

4 2 5.

t- ¢ .- 25.

.21--o

. -188.

FULL-WAVE DYN. MODEL STRTIC

Fig. 10.14: S12 for gap of strip width ratio 3
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the equivalent circuit model S-parameters to the data base sets have been
related to the analytical predictions and are given in Table 2 (Section 10.5)

in the indirect form

FC-N=Nopt /Nanalytic

As can be seen for most of the discontinuity configurations the factor FC N

has a value near 1, deviations of up to 44% occurring. These larger

deviations however do not indicate an incorrectly predicted transformer

ratio. It was found that if the predicted resonance frequency in the

equivalent circuit model differs slightly from the numerically computed

resonance frequency, the model fitting became sensitive. To overcome these

difficulties, the frequency range 0. 9*fres 4 fres < 1.1*fres was not

considered in a computer refitting for most of the configurations with the

result that the above formulae were found to be correct.

The Figs. 10.9-10 show the magnitude and the S11 phase of a symmetrical gap

configuration of 204m strip width; gap widths of 50pm, and lOjm. A second

set of $12 results for strip width wl=20pm and w2 =60pm; gap widths of 100rpn

and 104m is given in Figs. 10.11-12. In the third set of gap configurations,

the strip width ratio has been changed from a value of 1 to 3 for fixed strip

widths of 100 m and a gap width of 50pm. These results are given in Figs.

10.13-14 for S12.

These results and others show that the strength of the coupling between the

fundamental microstrip mode and the pa.-asitic LSM0 mode can be predicted by

applying the above analytic formulae for the transformer ratios in the gap

equivalent circuit model with good agreement.
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10.3. TRANSFORMER ANALYTIC FORMUALE FOR THE FREQUENCY, TRANSITION REGION

Having developed formulae for the quasi-static model and the transformer

ratios, fundamental microstrip mode and the parasitic LSM0 mode near the

package, the equivalent circuit model was refined for the whole frequency

range (0-120GHz) including frequencies in the transition region.

Investigations on the open end discontinuity have revealed that this fine

tuning can be achieved by choosing of a suitable frequency dependent analytic

formula for the transformer ratios.

In order to refine the model a data base was generated for frequencies IOGHz

up to 120GHz for different gap configurations on a 100pm GaAs substrate. The

data base covers the following geometrical parameters of the gap

discontinuity:

strip width wl: 400pm, 100pm, 204m, 10pn

strip width wl/w2: 1, 1.5, 3

gap width s: 1O0pm, 50m, 20pm

substrate width Ws: 1mm, 1.5mm, 3mm

cover height H: 0.5mm, 0.8mm, 1mm

This combination of geometric parameters results in a total of 324 different

gap configurations. For the data base generation this high number was

reduced by selecting 88 of the possible combinations. The simulation of

structures with small strip and gap widths was avoided to reduce the

necessary computer time. As outlined already for the open end discontinuity

this does not limit the range of validity of the final circuit model, the

coupling between the fundamental microstrip mode and the parasitic LSM0 mode

being only a weak function of strip width and gap width for narrow feed

lines. Cover heights of more than H=10*h were not considered to ensure that

LSE mode cut-off frequencies were beyond the maximum frequency of interest.
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The dynamic transformer ratio for the open end discontinuity

Ndyn = N * cos f l C0.5*n*(f-fo)/fo), f~fo

Ndyn = N fbfo

and

fo f c * 1.4 * fog (1 + exp(-O.0638 * ws/h * H/h) )*

(I - 2.33 * exp(-O.33 * W /h))

I

was used, where f0  and f, were found by fitting the S-parameters of the
equivalent circuit model to the numerical data sets.

Table 3 (Section 10.5) shows the optimised fine tuning parameters for the 88
different gap configurations. The mean devations Fmean' maximum deviations

Fma x and relative maximum deviations Fmaxr are listed in Table 4 (Section

10.5) where

F 2 2 NfSdata base(f analytic )Imean I j ( J - S .fn
= j=1 n=1 nt )

(NfiS jdata base (f)j)n~l n

F max max s 5 jdata base(f n / data base(f)Fmax axISj(n) i n

Fmaxr =max1  i - Sij n) / Sij da base(f

The deviations are calculated for the frequency range 0 4 f 4 O.8 5*fres . The

mean deviation is less than 5% for all the gap configurations. The relative

maximum error shows deviations of up to 46% for some of the data sets. These

large deviations are calculated for the S12 large gap width configurations.
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Geometry: wi= .400 w2= .480 G= .100 h= .108 H= .80 Ws=2.933 xp=1.663

FO- 1.00, FI=11.60
f/GHz

10. 20. 38. 40. 50. 68. 70. 80. 90. 180. 116. 120.

-L t . rg(sl1 "

1. - -_ -20.

-40.

.92 _ _,_ . _ -68.

.98 ___". _

-B0.

.85 
_ 

-128.

* 82 ___ _ 10
FULL-WAVE DYN. MODEL . STATIC.

Fig. 10.15: Gap model verification S11 of first configuration

Geometry: wI= .400 w2
= .480 G= .108 h= .100 H= .80 Ws=2.933 xpl1.663

FO- 1.88, FI=1i.60
f/GHz

18. 20. 38. 48. 50. 60. 78. 80. 90. 100. 116. 120.
q:2! rg(!d

1

80.

-. 40.

,4 - . . . . . . I , "-

* - I " 8.

. /' / _I -48.
/\

___ ---- 120.

. __ -160.

_._ -200.
FULL-WAVE DYN. MODEL STATIC

Fig. 10.16: Gap model verification S12 of first configuration
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Geometry: wil= .100 w2= .100 G= .050 h= .100 H= .80 Ws=2.962 xp=1.6S3

FO- 1.00, FI= 9.03
f/GHz

10. 20. 30. 40. 50. 60. 70. 80. 90. 100. 110. 120.
- -"- - - .rg(SlZV

1.00 -5.

-20.

.99 L -15].

-20.
.9? . . '- "

"" -25.

.95 -30.
".95" -35.

.94i -40.

FULL-WRVE _DYN. MODEL STATIC

Fig. 10.17: Gap model verification S11 of second configuration

Geometry: wl= .100 w2= .100 G= .050 h= .100 H= .80 Ws$2.967 xp=1.663

Fo- 1.00, FI- 8.03
f/GHz

10. 20. 30. 40. 50. 60. 70. 80. 90. 108. 110. 128.
I3,I,  - 1r(Shl

SIt 85.

.3

.28 .

70.

.15.

. 55.

'I
-. 1 I 58,

FULL-WAVE _DYN. MODEL STATIC

Fig. 10.18: Gap model verification S12 of second configuration
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In these cases the magnitude of $12 is quite small. If the respective

absolute maximum deviations are considered, it can be seen that they are

comparatively small (see e.g. data set 19. Fmaxr=O. 46 , F max0.09) and it can

be concluded that the accuracy of the equivalent circuit model is

reasonable.

It was found that parameter fo' can be fixed to a value of 1. This means

that the formula for parameter f0 is the same as that for the open end

discontinuity. However, for the gap discontinuity, the parameter f1 was

found to have a considerable influence on the magnitude of the scattering

parameters. Its value cannot be kept constant and must be defined by:

f = 1.32 * (1 + 0.7311 * (s/h) 1'08 ) * (1 + 0.0094 *( w s/h) 1.89)

This formula considers only optimum dependencies of the fine tuning parameter

f on the geometrical parameters. Nevertheless, the achieved degree of

accuracy is good. In Table 5 (Section 10.5) the deviation factors Fmean'

Fma x and Fmaxr are listed for each gap configurations. On using the

developed analytic formula for the parameter f1 instead of the fitted

discrete values a slight decrease in accuracy was observed. In order to show

the formulae's accuracy some verification results are presented in Figs.

10.15-18.

10.4. GAP MODEL SUMMARY

A summary of the analytic formulae for the microstrip gap discontinuity

is given in this section, where ZLmicrostriP and eeffmicrostrip are computed

accordi.g to Section 4 and g is the model gap parameter s. All units are MKS

unless stated otherwise.
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Quasi-static capacitances C1, C2 and C3

2"T,*f C3 I mS 01 * -. *(f/GHz) * (h/mm) * exp (-2.011*g/h*(1.-0.111*w1/h )0.2935)

* (1 +4.12 * (1-exp(-0.6688*(h/wi) 0 5 * (W2/Wl)

* (1.+0.966*exp(-14.47*g/h + 0.6645*wi/h) )

01 =0.0594 * (0.0428 * (1-0.5895 * (wi/h))

1.213/(1 +0.0985*(w2iw1-1) 1.1
+ (wi/h))

* Ci / mS = 2. * (f/GHz) * (C1 open end /pF) * (02+03) / (1 +02)

* 2/ mS = 2. * (f/GHz) * (C2 open end /pF) * (02+Q4) / (1+02)

02 =0.1381 * (wi/h+9.0) * (g/h)3 .6 4 +

2.25 * (g/h)1 14 * (1.52+0.389 * wi/h) / (1 +0.792 * wi/h)

03 = exp( -0.9545*(w2/w1) 1' 23 ) - 0.37

04 =exp( -0.9545*(Wi/W2)1.23) - 0.37

The abbreviations C1 open end and C2 open end denote the static open end

capacitances of the discontinuity feed lines, width w1 and w2 respectively,

where

tan ( 1 * diopen endCopen end =
2*iT*f * ZLm icrostrip

13 = 2**f * \/ effmicrostrip / C
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Transformer ratios Ni, N2, MI, M2

Ni =Ndyn(W1)

N2 =Ndyri(W2)

Ml =-NI, M2 = -N2

Ndyn(Wi)= N(wi) - CO ( Q.5*j.*(f-fo)/fo f f<fo
N(wi) f > fo

N(w1) = .H*(COS(-* (ws - Weff (Wi)))- COS ( *ws + Wetff(Wi))
2ws 2ws

Weff (Wi) = Zo *h 'ZL microstrip(WI) V \I ffmicrostrip (w.)

f= fc *1.4 * 1 + exp(-0.0638 * Ws/h * H/h) )* (1 -2.33 * exp(-O.33 *WS/h))

fl = 1.32 (1 +0. 7311 *(s/h)l08 (1 +O00094*(Ws/h)"8

~Ef (LSM ) cstt (1 - I)2

wi th f - 0
C 2W. , YE tat

E r(+4h)
r

Z (LSM) '+Hh 01
L 0 w

IVs tat V-TC71

(o 120rto, co = 2.9979 108 m/s)
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Range of Model Validity

The above gap models are valid for er = 12.9 and the following geometric

ranges:

quasi-static model 50 pm < h < 200p.m

0.025 < w/h e 4

1 4 w2/wl < 3

0.1 4 s/h 4 1.5

5 < Ws/h < 30

5 < H/h < 20

dynamic model: 0.1 < w/h < 4

1 < w2/wl < 3

0.1 s/h < 1

5 4 Ws/h < 30

5 < H/h < 20

where the quasi-static model is that of Fig. 10.4 and the dynamic model that

of Fig. 10.2.

The dynamic model range is valid for 0 4 f*h < 12 GHz mm. Package mode

coupling has little influence for 0 <f*h < 3 GHz mm and the quasi-static

formulae can be used on their own.
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Table I

WI W2 G Ws H xp Fmean dB mS
Sil S12 S22 Cl C3 C2

.4000 .4000 .0444 2.93 1.00 1.51 .0012 .0050 .0012 -.0152 .0128 -.0152

.4000 .4000 .0889 2.93 1.00 1.58 .0067 .0192 .0067 .0875 .0226 .0875

.4000 .6000 .0889 3.00 1.00 1.56 .0042 .0402 .0038 -.0530 .0527 -.0485

.4000 .4000 .0444 2.93 3.00 1.51 .0016 .0097 .0016 -.0201 -.0266 -.0201

.4000 .4000 .0889 2.93 3.00 1.58 .0061 .0093 .0061 .0796 -.0076 .0796

.4000 .6000 .0889 3.00 3.00 -. 56 .0009 .0036 .0052 -.0119 .0019 -.0684

.2000 .2000 .0444 2.97 1.00 1.60 .0020 .0074 .0020 .0261 -.0091 .0261

.2000 .2000 .0889 2.97 1.00 1.64 .0021 .0250 .0021 .0270 .0146 .0270

.2000 .3000 .0444 3.00 1.00 1.58 .0011 .0164 .0003 .0130 -.0255 .0010

.2000 .3000 .0889 3.00 1.00 1.62 .0032 .0113 .0026 .0416 -.0075 .0334

.2000 .4000 .0444 2.93 1.00 1.56 .0002 .0093 .0081 -.0016 .0130 -.1045

.2000 .4000 .0889 2.93 1.00 1.60 .0016 .0058 .0009 .0202 -.0044 -.0112

.2000 .2000 .0444 2.97 3.00 1.60 .0012 .0145 .0012 .0155 -.0191 .0155

.2000 .2000 .0889 2.97 3.00 1.64 .0020 .0020 .0020 .0255 -.0002 .0255

.2000 .3000 .0444 3.00 3.00 1.58 .0017 .0289 .0014 .0199 -.0456 -.0167

.2000 .3000 .0889 3.00 3.00 1.62 .0033 .0410 .0038 .0416 -.0295 .0487

.2000 .4000 .0444 2.93 3.00 1.56 .0002 .0095 .0081 .0009 -.0151 -.1044

.2000 .4000 .0889 2.93 3.00 1.60 .0018 .0325 .0003 .0227 -. 0256 .0035

.1000 .1000 .0200 3.00 1.00 1.62 .0013 .0133 .0012 -. 0163 .0148 .0152

.1000 .1000 .0444 3.00 1.00 1.64 .0010 .0156 .0010 .0127 .0101 .0127

.1000 .1000 .0889 3.00 1.00 1.71 .0007 .0571 .0007 -.0084 .0160 -.0084

.1000 .1500 .0200 3.00 1.00 1.60 .0010 .0532 .0006-.0084 .0682 .0006

.1000 .1500 .0444 3.00 1.00 1.64 .0004 .0405 .0009 .0051 .0308 .0112

.1000 .1500 .0889 3.00 1.00 1.69 .0004 .0692 .0014 -.0045 .0230 .0181

.1000 .2000 .0444 2.97 1.00 1.62 .0041 .0123 .0025 .0521 .0104 .0327

.1000 .2000 .0889 2.97 1.00 1.67 .0013 .0251 .0026 .0161 .0097 .0336

.1000 .3000 .0889 3.00 1.00 1.64 .0039 .0030 .0012 .0496 .0007 .0155

.1000 .1000 .0200 3.00 3.00 1.62 .0010 .0097 .0010 .0131 .0108 .0131

.1000 .1000 .0444 3.00 3.00 1.64 .0003 .0086 .0003 .0039 .0056 .0039

.1000 .1000 .0889 3.00 3.00 1.71 .0002 .0355 .0002 .0025 .0101 .0025

.1000 .1500 .0444 3.00 3.00 1.64 .0011 .0282 .0010 .0143 .0217 .0121

.1000 .1500 .0889 3.00 3.00 1.69 .0002 .0514 .0013 .0025 .0174 .0169

.1000 .2000 .0444 2.97 3.00 1.62 .0043 .0034 .0022 .0550 -.0005 .0288

.1000 .2000 .0889 2.97 3.00 1.67 .0018 .0083 .0029 .0227 -.0031 .0368

.1000 .3000 .0889 3.00 3.00 1.64 .0038 .0321 .0023 .0481 -.0148 .0296

.0500 .0500 .0067 .50 1.00 1.67 .0006 .0327 .0007 -.0070 -.0349 .0086

.0500 .0500 .0200 .50 1.00 1.66 .0010 .0018 .0001 -.0121 -.0010 .0014

.0500 .0500 .0444 .50 1.00 1.69 .0007 .0238 .0007 -.0091 .0079 -.0091

.0500 .0500 .0889 .50 1.00 1.76 .0015 .0546 .0015 -.0195 .0078 -.0195

.0500 .0500 .0056 .50 1.00 1.66 .0005 .0231 .0004 -.0055 .0252 .0049

.0500 .0750 .0200 .50 1.00 1.66 .0004 .0028 .0019 -.0056 .0019 .0246

.0500 .0750 .0444 .50 1.00 1.69 .0004 .0327 .0010 -.0052 .0132 .0133

.0500 .0750 .0889 .50 1.00 1.73 .0012 .0628 .0003 -.0150 .0109 .0032

.0500 .1000 .0444 .50 1.00 1.67 .0013 .0239 .0027 .0169 .0109 .0350

.0500 .1000 .0889 .50 1.00 1.73 .0006 .0471 .0013 -.0079 .0093 .0161

.0500 .0500 .0067 .50 3.00 1.67 .0006 .0327 .0007 -.0070 -.0349 .0085

.0500 .0500 .0200 .50 3.00 1.66 .0010 .0018 .0001 -.0121 -.0010 .0014

.0500 .0500 .0444 .50 3.00 1.69 .0007 .0238 .0007 -.0091 .0079 -.0091

.0500 .0500 .0889 .50 3.00 1.76 .0015 .0546 .0015 -.0195 .0078 -.0195

.0500 .0500 .0056 .50 3.00 1.66 .0005 .0231 .0004 -.0055 .0252 .0048

.0500 .0750 .0200 .50 3.00 1.66 .0004 .0028 .0019 -.0056 .0019 .0242

.0500 .0750 .0444 .50 3.00 1.69 .0002 .0327 .0010 -.0030 .0132 .0127

.0500 .0750 .0889 .50 3.00 1.73 .0012 .0628 .0003 -.0155 .0109 .0032

.0500 .1000 .0444 .50 3.00 1.67 .0013 .0239 .0027 .0169 .0109 .0342

.0500 .1000 .0889 .50 3.00 1.73 .0007 .0471 .0013 -.0083 .0093 .0161

.0500 .0500 .0067 1.00 1.00 1.67 .0007 .0475 .0010 -.0065 -.0514 .0117

.0500 .0500 .0200 1.00 1.00 1.66 .0009 .0020 .0009 -.0111 -.0010 -.0111
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Wi W2 G Ws H xp Fmean
SI. S12 S22 Cl C3 C2

5---7--------9-----5----8--------------------------------0.0500 .0500 .0444 1.00 1.00 1.69 .0005 .0188 .0005 -.0070 .0063 -.0070

.0500 .0500 .0056 1.00 1.00 1.66 .0004 .0063 .0007 -.0051 .0070 .0092

.0500 .0750 .0200 1.00 1.00 1.66 .0004 .0028 .0021 -.0049 .0019 .0270

.0500 .0750 .0444 1.00 1.00 1.69 .0001 .0327 .0013 .0010 .0132 .0168

.0500 .0750 .0889 1.00 1.00 1.73 .0010 .0628 .0004 -.0122 .0109 .0056

.0500 .1000 .0444 .98 1.00 1.67 .0016 .0122 .0023 .0209 .0056 .0294

.0500 .1000 .0889 .98 1.00 1.73 .0005 .0471 .0016 -.0066 .0093 .0202

.0500 .1500 .0889 1.00 1.00 1.71 .0013 .0242 .0019 .0169 .0057 .0245

.0500 .0500 .0067 1.00 3.00 1.67 .0007 ,0475 .0010 -.0065 -.0514 .0110

.0500 .0500 .0200 1.00 3.00 1.66 .0009 .0028 .0009 -.0111 -.0015 -.0111

.0500 .0500 .0444 1.00 3.00 1.69 .0005 .0188 .0005 -.0066 .0063 -.0066

.0500 .0500 .0889 1.00 3.00 1.76 .0011 .0684 .0011 -.0144 .0097 -.0144

.0500 .0500 .0056 1.00 3.00 1.66 .0004 .0045 .0009 -.0051 .0050 .0108

.C00 .0750 .0200 1.00 3.00 1.66 .0004 .0028 .0021 -.0049 .0019 .0266

.0500 .0750 .0444 1.00 3.00 1.69 .0001 .0327 .0013 .0010 .0132 .0168

.0500 .0750 .0889 1.00 3.00 1.73 .0010 .0628 .0004 -.0127 .0109 .0056

.0500 .1000 .0444 .98 3.00 1.67 .0017 .0122 .0023 .0222 .0056 .0293

.0500 .1000 .0889 .98 3.00 1.73 .0005 .0471 .0016 -.0066 .0093 .0202

.0500 .1500 .0889 1.00 3.00 1.71 .0022 .0024 .0022 .0277 .0002 .0284

.0200 .0200 .0200 .50 1.00 1.70 .0005 .0374 .0005 -.0067 -.0101 -.0067

.0200 .0200 .0444 .50 1.00 1.73 .0004 .0357 .0015 -.0049 -.0058 -.0192

.0200 .0200 .0889 .50 1.00 1.78 .0020 .0074 .0020 -.0250 .0005 -.0250

.0200 .0200 .0067 .50 1.00 1.69 .0003 .0124 .0003 -.0042 -.0056 -.0042

.0200 .0300 .0200 .50 1.00 1.70 .0002 .0146 .0001 -.0025 -.0046 .0016

.0200 .0300 .0444 .50 1.00 1.73 .0001 .0142 .0003 -.0015 -.0027 -.0032

.0200 .0300 .0889 .50 1.00 1.78 .0023 .0598 .0013 -.0295 .0046 -.0167

.0200 .0400 .0200 .50 1.00 1.70 .0009 .0137 .0015 -.0115 -.0049 .0196

.0200 .0400 .0444 .50 1.00 1.71 .0017 .0147 .0005 -.0211 .0030 .0059

.0200 .0400 .0889 .50 1.00 1.78 .0023 .0455 .0007 -.0296 .0040 -.0089

.0200 .0600 .0100 .50 1.00 1.68 .0039 .0040 .0025 .0493 -.0014 .0321

.0200 .0600 .0200 .50 1.00 1.68 .0017 .0061 .0026 .0219 -.0023 .0337

.0200 .0600 .0444 .50 1.00 1.71 .0007 .0018 .0021 .0094 -.0002 .0268

.0200 .0600 .0889 .50 1.00 1.76 .0011 .0614 .0003 -.0146 .0062 .0039

.0200 .0200 .0200 .50 3.00 1.70 .0005 .0374 .0005 -.0067 -.0101 -.0067

.0200 .0200 .0444 .50 3.00 1.73 .0004 .0357 .0015 -.0049 -.0058 -.0194

.0200 .0200 .0889 .50 3.00 1.78 .0020 .0065 .0020 -.0250 .0004 -.025C

.0200 .0200 .0067 .50 3.00 1.69 .0003 .0124 .0003 -.0042 -.0056 -.0042

.0200 .0300 .0200 .50 3.00 1.70 .0002 .0146 .0001 -.0025 -.0046 .0009

.0200 .0300 .0444 .50 3.00 1.73 .0001 .0142 .0003 -.0015 -.0027 -.0032

.0200 .0300 .0889 .50 3.00 1.78 .0023 .0598 .0013 -.0297 .0046 -.0167

.0200 .0400 .0200 .50 3.00 1.70 .0010 .0137 .0015 -.0126 -.0049 .0196

.0200 .0400 .0444 .50 3.00 1.71 .0017 .0147 .0005 -.0211 .0030 .0059

.0200 .0400 .0889 .50 3.00 1.78 .0023 .0455 .0007 -.0296 .0040 -.0089

.0200 .0600 .0100 .50 3.00 1.68 .0039 .0040 .0025 .0494 -.0014 .0317

.0200 .0600 .0200 .50 3.00 1.68 .0017 .0061 .0026 .0219 -.0023 .0333

.0200 .0600 .0444 .50 3.00 1.71 .0007 .0018 .0021 .0093 -.0002 .0267

.0200 .0600 .0889 .50 3.00 1.76 .0013 .0614 .0004 -.0168 .0062 .0052

.0200 .0200 .0200 1.00 1.00 1.70 .0004 .0374 .0004 -.0052 -.0101 -.0052

.0200 .0200 .0444 1.00 1.00 1.73 .0002 .0457 .0002 -.0024 -.0075 -.0024

.0200 .0200 .0889 1.00 1.00 1.78 .0021 .0074 .0021 -.0266 .0005 -.0266

.0200 .0200 .0067 1.00 1.00 1.69 .0003 .0124 .0003 -.0035 -.0056 -.0035

.0200 .0300 .0200 1.00 1.00 1.70 .0001 .0146 .0003 -.0015 -.0046 .0035

.0200 .0300 .0444 1.00 1.00 1.73 .0001 .0142 .0001 .0007 -.0027 -.0008

.0200 .0300 .0889 1.00 1.00 1.78 .0021 .0598 .0010 -.0267 .0046 -.0132

.0200 .0400 .0200 1.00 1.00 1.70 .0009 .0137 .0018 -.0117 -.0049 .0227

.0200 .0400 .0444 1.00 1.00 1.71 .0016 .0147 .0004 -.0204 .0030 .0055

.0200 .0400 .0889 1.00 1.00 1.78 .0020 .0455 .0004 -.0259 .0040 -.0045

.0200 .0600 .0100 1.00 1.00 1.68 .0023 .0028 .0021 .0290 -.0010 .0268

.0200 .0600 .0200 1.00 1.00 1.68 .0018 .0053 .0025 .0224 -.0020 .0317

.0200 .0600 .0444 1.00 1.00 1.71 .0010 .0017 .0024 .0126 .0000 .0301

.0200 .0600 .0889 1.00 1.00 1.76 .0011 .0614 .0008 -.0136 .0062 .0105

.0200 .0200 .0200 1.00 3.00 1.70 .0004 .0374 .0004 -.0052 -.0!'1 -.0052
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Wl W2 G Ws H xp Fmean dB mS
SII S12 S22 Cl C3 C2

.0200 .0200 .0444 1.00 3.00 1.73 .0002 .0457 .0002 -.0024 -.0075 -.0024

.0200 .0200 .0889 1.00 3.00 1.78 .0021 .0074 .0021 -.0266 .0005 -.0266

.0200 .0200 .0067 1.00 3.00 1.69 .0003 .0124 .0003 -.0035 -.0056 -.0035

.0200 .0300 .0200 1.00 3.00 1.70 .0001 .0146 .0003 -.0015 -.0046 .0033

.0200 .0300 .0444 1.00 3.00 1.73 .0001 .0142 .0001 .0007 -.0027 -.0008

.0200 .0300 .0889 1.00 3.00 1.78 .0021 .0598 .0011 -.0270 .0046 -.0136

.0200 .0400 .0200 1.00 3.00 1.70 .0010 .0137 .0018 -.0131 -.0049 .0224

.0200 .0400 .0444 1.00 3.00 1.71 .0016 .0147 .0004 -.0206 .0030 .0055

.0200 .0400 .0889 1.00 3.00 1.78 .0021 .0455 .0005 -.0262 .0040 -.0060

.0200 .0600 .0100 1.00 3.00 1.68 .0023 .0028 .0021 .0290 -.0010 .0268

.0200 .0600 .0200 1.00 3.00 1.68 .0018 .0061 .0028 .0224 -.0023 .0352

.0200 .0600 .0444 1.00 3.00 1.71 .0009 .0016 .0023 .0118 .0000 .0296

.0200 .0600 .0889 1.00 3.00 1.76 .0011 .0614 .0008 -.0139 .0062 .0098

.0100 .0100 .0200 .50 1.00 1.72 .0019 .0159 .0019 -.0248 -.0026 -.0248

.0100 .'100 .0444 .50 1.00 1.76 .0017 .0567 .0017 -.0219 -.0058 -.0219

.0100 .(,-, 0889 .50 1.00 1.80 .0020 .0148 .0020 -.0255 -.0006 -.0255

.0100 .0150 .0200 .50 1.00 1.72 .0025 .0175 .0007 -.0318 -.0033 -.0084

.0100 .0150 .0444 .50 1.00 1.76 .0021 .0625 .0008 -.0268 -.0074 -.0104

.0100 .0150 .0889 .50 1.00 1.80 .0024 .0466 .0017 -.0309 .0021 -.0222

.0100 .0200 .0444 .50 1.00 1.76 .0021 .0325 .0001 -.0262 -.0041 -.0017

.0100 .0200 .0889 .50 1.00 1.80 .0023 .0383 .0012 -.0297 .0019 -.0157

.0100 .0300 .0100 .50 1.00 1.70 .0015 .0071 .0022 .0196 -.0024 .0277

.CuiOO J00 .0444 .50 1.00 1.73 .0010 .0063 .0006 -.0124 -.0009 .0079

.0100 .0300 .0889 .50 1.00 1.78 .0019 .0159 .0005 -.0239 .0010 -.007C

.0100 0100 0200 50 3.00 1.72 .0020 .0159 .0020 -.0249 -.0026 -.0249

.0100 .0100 .0444 .50 3.00 1.76 .0017 .0567 .0017.-.0218 -.0058 -.0218

.0100 .0100 .0889 .50 3.00 1.80 .0020 .0148 .0020 -.0255 -.0006 -.0255

.0100 .0150 C700 .50 3.00 1.72 .0025 .0175 .0007 -.0318 -.0033 -.0086

.0100 .0150 .0444 .50 3.00 1.76 .0021 .0625 .0008 -.0269 -.0074 -.0104

.0100 .0150 .0889 .50 3.00 1.80 .0024 .0466 .0017 -.0311 .0021 -.0222

.0100 .0200 .0200 .50 3.00 1.72 .0022 .0292 .0003 -.0282 -.0062 .0039

.0100 .0200 .0444 .50 3.00 1.76 .0021 .0325 .0002 -.0262 -.0041 -.0020

.0100 .0200 .0889 .50 3.00 1.80 .0023 .0383 .0013 -.0299 .0019 -.0160

.0100 .0300 .0100 .50 3.00 1.70 .0015 .0071 .0022 .0196 -.0024 .0275

.0100 .0300 .0444 .50 3.00 1.73 .0010 .0063 .0006 -.0124 -.0009 .0076

.0100 .0300 .0889 .50 3.00 1.78 .0019 .0159 .0006 -.0239 .0010 -.0074

.0100 .0100 .0167 1.00 1.00 1.73 .0001 .0262 .0016 -.0019 -.0047 -.0203

.0100 .0133 .0200 1.00 1.00 1.72 .0022 .0205 .0000 -.0278 -.0037 -.0004

.0100 .0133 .0444 1.00 1.00 1.76 .0016 .0578 .0001 -.0204 -.0065 .0015

.0100 .0133 .0889 1.00 1.00 1.80 .0018 .0032 .0013 -.0235 .0001 -.0168

.0100 .0200 .0200 1.00 1.00 1.72 .0017 .0384 .0008 -.0222 -.0082 .0103

.0100 .0200 .0444 1.00 1.00 1.76 .0019 .0325 .0001 -.0243 -.0041 .0011

.0100 .0200 .0889 1.00 1.00 1.80 .0020 .0383 .0010 -.0255 .0019 -.0126

.0100 .0300 .0100 1.00 1.00 1.70 .0015 .0071 .0022 .0191 -.0024 .0286

.0100 .0300 .0200 1.00 1.00 1.70 .0012 .0153 .0020 .0158 -.0038 .0250

.0100 .0300 .0444 1.00 1.00 1.73 .0007 .0063 .0010 -.0091 -.0009 .0121

.0100 .0300 .0889 1.00 1.00 1.78 .0015 .0158 .0003 -.0187 .0010 -.0033

.0100 .0100 .0167 1.00 3.00 1.73 .0001 .0262 .0016 -.0019 -.0047 -.0203

.0100 .0133 .0200 1.00 3.00 1.72 .0022 .0205 .0000 -.0278 -.0037 -.0004

.0100 .0133 .0444 1.00 3.00 1.76 .0016 .0578 .0001 -.0207 -.0065 .0014

.0100 .0133 .0889 1.00 3.00 1.80 .0018 .0032 .0015 -.0235 .0001 -.0186

.0100 .0200 .0200 1.00 3.00 1.72 .0019 .0376 .0008 -.0239 -.0081 .0097

.0100 .0200 .0444 1.00 3.00 1.76 .0019 .0325 .0001 -.0243 -.0041 .0011

.0100 .0203 .0880 1.00 3.00 1.80 .0020 .0383 .0010 -.0256 .0019 -.0126

.0100 .0300 .0100 1.00 3.00 1.70 .0015 .0071 .0023 .0191 -.0024 .0290

.0100 .0300 .0200 1.00 3.00 1.70 .0012 .0153 .0019 .0156 -.0038 .0247

.0100 .0300 .0444 1.00 3.00 1.73 .0008 .0063 .0008 -.0098 -.0009 .0104

.0100 .0300 .0889 1.00 3.00 1.78 .0014 .0158 .0003 -.0178 .0010 -.0033
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Wi W2 G Ws H xp Fmean dB mS
Sil S12 S22 Cl C3 C2

---------- ---------------------------------------------------------
.0050 .0050 .0167 .50 1.00 1.73 .0003 .0275 .0016 -.0035 .0033 -.0203
.0050 .0050 .0370 .50 1.00 1.78 .0020 .0244 .0020 -.0257 .0019 -.0257
.0050 .0050 .0926 .50 1.00 1.82 .0018 .0530 .0018 -.0233 .0013 -.0233
.0050 .0067 .0200 .50 1.00 1.74 .0023 .0017 .0002 -.0288 .0001 -.0020
.0050 .0067 .0444 .50 1.00 1.76 .0020 .0504 .0012 -.0248 -.0038 -.0148
.0050 .0100 .0444 .50 1.00 1.76 .0022 .0528 .0001 -.0283 -.0045 .0015
.0050 .0100 .0889 .50 1.00 1.80 .0023 .0041 .0001 -.0291 -.0001 .0007
.0050 .0150 .0444 .50 1.00 1.76 .0015 .0171 .0000 -.0192 -.0016 .0001
.0050 .0050 .0167 .50 3.00 1.73 .0003 .0275 .0016 -.0035 .0033 -.0203
.0050 .0050 .0370 .50 3.00 1.78 .0020 .0244 .0020 -.0257 .0019 -.0257

.0050 .0050 .0926 .50 3.00 1.82 .0018 .0530 .0018 -.0233 .0013 -.0233

.0050 .0067 .0200 .50 3.00 1.74 .0023 .0017 .0002 -.0288 .0001 -.0020

.0050 .0067 .0444 .50 3.00 1.76 .0020 .0504 .0012 -.0248 -.0038 -.0148

.0050 .0100 .0444 .50 3.00 1.76 .0022 .0528 .0001 -.0283 -.0045 .0015

.0050 .0100 .0889 .50 3.00 1.80 .0023 .0041 .0001 -.0292 -.0001 .0007

.0050 .0150 .0444 .50 3.00 1.76 .0015 .0171 .0000 -.0192 -.0016 .0001

.0050 .0150 .0429 1.00 1.00 1.76 .0016 .0521 .0000 -.0205 .0048 -.0004

.0050 .0050 .0067 1.00 3.00 1.73 .0001 .0563 .0018 -.0009 .0102 -.0229

.0050 .0150 .0429 1.00 3.00 1.76 .0016 .0521 .0000 -.0206 .0048 -.0004

.0025 .0075 .0429 .50 1.00 1.78 .0001 .0567 .0004 .0008 .0038 .0047

.0025 .0075 .0965 .50 1.00 1.82 .0020 .0122 .0001 -.0255 -.0003 .001C

.0025 .0075 .0429 .50 3.00 1.78 .0001 .0567 .0004 .0008 .0038 .0045

.0025 .6j75 .0965 .50 3.uO 1.82 .0020 .0122 .0001 -.0255 -.0003 .001C

.4000 .4000 .1500 2.96 1.00 1.63 .0018 .0409 .0018 .0240 .0175 .0240

.4000 .4000 .1500 2.96 3.00 1.63 .0044 .0486 .0044 .0569 -.0223 .0569

.2000 .4000 .1500 2.93 1.00 1.65 .0009 .0053 .0019'-.0121 -.0014 -.0242

.2000 .6000 .1500 3.00 1.00 1.63 .0037 .0127 .0062 -.0481 -.0036 -.0838

.2000 .2000 .1500 3.00 3.00 1.69 .0016 .0036 .0016 .0210 .0007 .0210

.1000 .1000 .1500 3.00 1.00 1.76 .0076 .0276 .0076 -.0973 -.0027 -.0973

.1000 .2000 .1500 2.97 1.00 1.73 .0005 .0418 .0016 -.0061 .0054 .0207

.1000 .3000 .1500 3.00 1.00 1.71 .0017 .0551 .0021 .0217 -.0088 -.0272

.1000 .2000 .1500 2.97 3.00 1.73 .0000 .0271 .0003 -.0003 -.0037 .0043
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Table 2
Wi W2 G WS HH XP FCN

.4000 .4000 .0500 2.000 .500 1.962 .79

.4000 .4000 .1000 2.000 1.000 2.088 1.13

.4000 .4000 .0500 2.000 1.000 2.088 .86

.1000 .1000 .1000 1.967 .500 1.962 1.15

.1000 .1000 .0500 2.000 .500 1.962 1.08
.1000 .1000 .0200 2.000 .500 1.960 .96
.1000 .2000 .1000 2.000 .500 1.962 1.48
.1000 .2000 .0500 2.000 .500 1.962 1.41
.1000 .3000 .0500 2.000 .500 1.962 1.49
.1000 .1000 .1000 2.000 1.000 2.088 1.08
.1000 .1000 .0500 2.000 1.000 2.088 1.05
.1000 .1000 .0200 2.000 1.000 2.080 .84
.1000 .2000 .0500 2.000 1.000 2.088 1.45
.1000 .3000 .1000 2.000 1.000 2.088 1.20
.1000 .3000 .0500 2.000 1.000 2.088 1.34
.0200 .0200 .0500 2.000 .500 1.962 1.12
.0200 .0200 .0200 2.000 .500 1.960 1.17
.0200 .0200 .0100 2.000 .500 1.960 1.26
.0200 .0400 .1000 2.000 .500 1.962 .71
.0200 .0400 .0500 2.000 .500 1.962 1.14
.0200 .0400 .0200 2.000 .500 1.960 1.20
.0200 .0400 .0100 2.000 .500 1.960 1.27
.0200 .0600 .1000 2.000 .500 1.962 .82
.0200 .0600 .0500 2.000 .500 1.962 1.20
.0200 .0600 .0200 2.000 .500 1.960 1.30
.0200 .0600 .0100 2.000 .500 1.960 1.29
.0200 .0200 .1000 2.000 1.000 2.088 1.04
.0200 .0200 .0500 2.000 1.000 2.088 1.15
.0200 .0200 .0200 2.000 1.000 2.080 1.04
.0200 .0200 .0100 2.000 1.000 2.080 1.07
.0200 .0400 .1000 2.000 1.000 2.088 1.17
.0200 .0400 .0500 2.000 1.000 2.088 1.34
.0200 .0400 .0200 2.000 1.000 2.080 1.41
.0200 .0400 .0100 2.000 1.000 2.080 1.43
.0200 .0600 .1000 2.000 1.000 2.088 1.32
.0200 .0600 .0500 2.000 1.000 2.088 1.44
.0100 .0100 .1000 2.000 .500 1.962 .82
.0100 .0100 .0500 2.000 .500 1.962 1.01
.0100 .0100 .0200 2.000 .500 1.960 1.12
.0100 .0100 .0100 2.000 .500 1.960 1.11
.0100 .0200 .0500 2.000 .500 1.962 1.06
.0100 .0200 .0200 2.000 .500 1.960 1.16
.0100 .0200 .0100 2.000 .500 1.960 1.16
.0100 .CO0 .1000 2.000 1.000 2.088 .99
.0100 .0100 .0500 2.000 1.000 2.088 1.11
.0100 .0100 .0200 2.000 1.000 2.080 1.18
.0100 .0100 .0100 2.000 1.000 2.080 1.11
.0110 .0200 .1000 2.000 1.000 2.088 1.07
.0100 .0200 .0500 2.000 1.000 2.088 1.20
.0100 .0200 .0200 2.000 1.000 2.080 1.31
.0100 .0200 .0100 2.000 1.000 2.080 1.30
.0100 .0300 .1000 2.000 1.000 2.088 1.14
.0100 .0300 .0500 2.000 1.000 2.088 1.30
.4000 .4000 .1000 2.933 .500 1.737 .89
.4000 .4000 .0500 2.933 .500 1.737 1.20
.4000 .4000 .1000 2.933 1.000 1.825 1.04
.4000 .4000 .0500 2.933 1.000 1.825 1.19

.171.



Wl W2 G WS HH XP FCN

.1000 .2000 .1000 3.000 .500 1.737 .62.1000 .2000 .0500 3.000 .500 1.737 1.02

.1000 .3000 .0500 3.000 .500 1.737 .96

.1000 .1000 .1000 2.967 1.000 1.825 .96

.1000 .1000 .0500 2.967 1.000 1.825 1.19

.1000 .1000 .0200 3.000 1.000 1.820 1.14

.1000 .2000 .1000 3.000 1.000 1.825 .95

.1000 .2000 .0500 3.000 1.000 1.825 1.09

.1000 .3000 .1000 3.000 1.000 1.825 .89

.1000 .3000 .0500 3.000 1.000 1.825 1.08

.0200 .0200 .1000 3.000 .500 1.737 1.26

.0200 .0200 .0500 3.000 .500 1.737 .82

.0200 .0200 .0200 3.000 .500 1.740 .96

.0200 .0200 .0100 3.000 .500 1.740 1.04

.0200 .0400 .1000 3.000 .500 1.737 1.10

.0200 .0400 .0500 3.000 .500 1.737 .87

.0200 .0400 .0200 3.000 .500 1.740 1.01

.0200 .0400 .0100 3.000 .500 1.740 1.07

.0200 .0600 .1000 3.000 .500 1.737 1.05

.0200 .0600 .0500 3.000 .500 1.737 .74

.0200 .0600 .0200 3.000 .500 1.740 1.03

.0200 .0600 .0100 3.000 .500 1.740 1.08

.0200 .0200 .1000 3.000 1.000 1.825 .95

.0200 .0200 .0500 1.000 1.000 1.825 1.07

.0200 .0200 .0200 3.000 1.000 1.820 1.21

.0200 .0200 .0100 3.000 1.000 1.820 1.29

.0200 .0400 .1000 3.000 1.000 1.825 .85

.0200 .0400 .0500 3.000 1.000 1.825 1.06

.0200 .0400 .0200 3.000 1.000 1.820 1.02

.0200 .0400 .0100 3.000 1.000 1.820 1.29

.020C .0600 .1000 3.000 1.000 1.825 .79

.0200 .0600 .0500 3.000 1.000 1.825 1.05

.0200 .0600 .0200 3.000 1.000 1.820 1.03

.0200 .0600 .0100 3.000 1.000 1.820 1.33

.0100 .0100 .1000 3.000 .500 1.737 1.32

.0100 .0100 .0500 3.000 .500 1.737 .77

.0100 .0100 .0200 3.000 .500 1.740 .89

.0100 .0100 .0100 3.000 .500 1.740 1.00

.01CO .0200 .1000 3.000 .500 1.737 1.27

.0100 .0200 .0200 3.000 .500 1.740 .94

.0100 .0200 .0100 3.000 .500 1.740 1.02

.0100 .0300 .1000 3.000 .500 1.737 1.14

.0100 .0300 .0500 3.000 .500 1.737 .84

.0100 .0300 .0200 3.000 .500 1.740 1.11

.0100 .0300 .0100 3.000 .500 1.740 1.25

.0100 .0100 .1000 3.000 1.000 1.825 1.08

.0100 .0100 .0500 3.000 1.000 1.825 .92

.0100 .0100 .0200 3.000 1.000 1.820 1.03

.0100 .0100 .0100 3.000 1.000 1.820 1.07

.0100 .0200 .1000 3.000 1.000 1.825 1.00

.0100 .0200 .0500 3.000 1.000 1.825 .96

.0100 .0200 .0200 3.000 1.000 1.820 1.04

.0100 .0200 .0100 3.000 1.000 1.820 1.06

.0100 .0300 .1000 3.000 1.000 1.825 .87

.0100 .0300 .0500 3.000 1.000 1.825 .93

.0100 .0300 .0200 3.COO 1.000 1.820 1.03

.0100 .0300 .0100 3.000 1.000 1.820 1.09
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Table 3

Wi W2 G WS HH XP FO" F1

.0500 .0500 .0139 1.000 1.000 1.069 1.00 2.19

.0500 .0500 .0500 1.000 1.000 1.100 1.00 2.48

.0500 .0500 .1000 1.000 1.000 1.150 1.00 3.46

.0500 .0750 .0200 1.000 1.000 1.060 1.00 2.24

.0500 .0750 .0434 1.000 1.000 1.094 1.00 2.38

.0500 .0750 .0955 1.000 1.000 1.137 1.00 3.22

.0500 .1500 .0167 1.000 1.000 1.033 1.00 1.95

.0500 .1500 .0500 1.000 1.000 1.063 1.00 2.31

.0500 .1500 .1000 !.000 1.000 1.112 1.00 3.27

.0200 .0200 .0139 1.000 1.000 1.097 1.00 2.38

.0200 .0200 .0500 1.000 1.000 1.138 1.00 2.88

.0200 .0200 .1000 1.000 1.000 1.188 1.00 3.98

.0200 .0300 .0200 1.000 1.000 1.100 1.00 2.43

.0200 .0300 .0434 1.000 1.000 1.128 1.00 2.77

.0200 .0300 .0955 1.000 1.000 1.181 1.00 3.88

.0200 .0600 .0167 1.000 1.000 1.083 1.00 2.41

.0200 .0600 .0500 1.000 1.000 1.112 1.00 2.63

.0200 .0600 .1000 1.000 1.000 1.163 1.00 3.76

.0200 .0200 .0111 1.500 1.000 3.167 1.00 69.80

.0100 .0100 .0116 1.000 1.000 1.123 1.00 2.49

.0100 .0100 .0417 1.000 1.000 1.146 1.00 2.95

.0100 .0100 .0937 1.000 1.000 1.198 1.00 3.93

.0100 .0150 .0185 1.000 1.000 1.120 1.00 2.53

.0100 .0150 .0417 1.000 1.000 1.146 1.00 2.96

.0100 .0150 .0937 1.000 1.000 1.198 1.00 4.15

.0100 .0300 .0167 1.000 1.000 1.100 1.00 2.66

.0100 .0300 .0434 1.000 1.000 1.136 1.00 2.83

.0100 .0300 .0940 1.000 1.000 1.186 1.00 3.94

.4000 .4000 .0500 2.933 .800 1.663 1.00 3.99

.4000 .4000 .1000 2.933 .800 1.663 1.00 10.24

.4000 .6000 .1000 3.000 .800 1.663 1.00 11.03

.4000 .4000 .0500 2.933 1.500 1.712 1.00 2.26

.4000 .4000 .1000 2.933 1.500 1.712 1.00 5.22

.4000 .6000 .1000 3.000 1.500 1.712 1.00 4.73

.2000 .2000 .0500 2.933 .800 1.663 1.00 7.03

.2000 .2000 .1000 2.933 .800 1.663 1.00 19.29

.2000 .3000 .0500 3.000 .800 1.663 1.00 6.87

.2000 .3000 .1000 3.000 .800 1.663 1.00 19.81

.2000 .6000 .1000 3.000 .800 1.663 1.00 18.84

.2000 .2000 .0500 2.933 1.500 1.712 1.00 4.27

.2000 .2000 .1000 2.933 1.500 1.712 1.00 9.93

.2000 .3000 .0500 3.000 1.500 1.712 1.00 3.48

.2000 .3000 .1000 3.000 1.500 1.712 1.00 9.79

.2000 .6000 .1000 3.000 1.500 1.712 1.00 6.73

.1000 .1000 .0167 2.967 .800 1.667 1.00 8.82

.1000 .1000 .0500 2.967 .800 1.663 1.00 11.79

.1000 .1000 .1000 2.967 .800 1.663 1.00 47.37

.1000 .1500 .0139 3.000 .800 1.667 1.00 7.86

.1000 .1500 .0500 3.000 .800 1.663 1.00 15.48
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Wi W2 G WS HH XP FO/  F1
.00-.500..000..000...801.663...004.67.....
.1000 .1500 .1000 3.000 .800 1.663 1.00 64.67

.1000 .3000 .0500 3.000 .800 1.663 1.00 9.13
1.1000 .3000 .1000 3.000 .800 1.663 1.00 40.06

.1000 .1000 .0167 2.967 1.500 1.717 1.00 5.31

.1000 .1000 .0500 2.967 1.500 1.712 1.00 8.02

.I000 .1000 .1000 2.967 1.500 1.712 1.00 46.69

.1000 .1500 .0139 3.000 1.500 1.722 1.00 4.48

.0500 .0750 .0200 1.500 1.000 1.500 1.00 1.82

.0500 .0750 .0500 1.500 1.000 1.500 1.00 2.04

.0500 .0750 .1000 1.500 1.000 1.487 1.00 2.64

.0500 .1500 .0200 1.500 1.000 1.500 1.00 1.71

.0500 .1500 .0417 1.500 1.000 1.500 1.00 1.73

.0500 .1500 .0937 1.500 1.000 1.500 1.00 2.35

.0200 .0200 .0200 1.500 1.000 1.500 1.00 2.13

.0200 .0200 .050Q,1.500 1.000 1.500 1.00 2.54

.0200 .0200 .1000 1.500 1.000 1.487 1.00 3.42

.0200 .0300 .0200 1.500 1.000 1.500 1.00 2.06

.0200 .0300 .0500 1.500 1.000 1.500 1.00 2.36

.0200 .0300 .1000 1.500 1.000 1.487 1.00 3.17

.0200 .0600 .0200 1.500 1.000 1.500 1.00 2.03

.0200 .0600 .0417 1.500 1.000 1.500 1.00 2.09

.0200 .0600 .0937 1.500 1.000 1.500 1.00 2.88

.0100 .0100 .0167 1.500 1.000 1.500 1.00 2.06

.0100 .0100 .0469 1.500 1.000 '.500 1.00 1.53

.0100 .0300 .0200 1.500 1.000 1.500 1.00 2.19

.0100 .0300 .0417 1.500 1.000 1.500 1.00 2.31

.0100 .0300 .0937 1.500 1.000 1.500 1.00 3.32

Table 4
Wi W2 G WS HH XP Fmean Fmax Fmaxr

.0500 .0500 .0139 1.000 1.000 1.069 .005 .013 .013

.0500 .0500 .0500 1.000 1.000 1.100 .006 .013 .056

.0500 .0500 .1000 1.000 1.000 1.150 .023 .014 .182

.0500 .0750 .0200 1.000 1.000 1.060 .007 .018 .021

.0500 .0750 .0434 1.000 1.000 1.094 .007 .020 .020

.0500 .0750 .0955 1.000 1.000 1.137 .019 .019 .170

.0500 .1500 .0167 1.000 1.000 1.033 .009 .035 .038

.0500 .1500 .0500 1.000 1.000 1.063 .011 .039 .039

.0500 .1500 .1000 1.000 1.000 1.112 .024 .037 .148

.0200 .0200 .0139 1.000 1.000 1.097 .004 .007 .037

.0200 .0200 .0500 1.000 1.000 1.138 .007 .009 .069

.0200 .0200 .1000 1.000 1.000 1.188 .043 .010 .142

.0200 .0300 .0200 1.000 1.000 1.100 .005 .009 .024

.0200 .0300 .0434 1.000 1.000 1.128 .007 .010 .069

.0200 .0300 .0955 1.000 1.000 1.181 .032 .011 .212

.0200 .0600 .0167 1.000 1.000 1.083 .006 .016 .023

.0200 .0600 .0500 1.000 1.000 1.112 .007 .016 .039

.0200 .0600 .1000 1.000 1.000 1.163 .032 .018 .174

.0200 .0200 .0111 1.500 1.000 3.167 .031 .009 .468

.0100 .0100 .0116 1.000 1.000 1.123 .004 .006 .027

.0100 .0100 .0417 1.000 1.000 1.146 .005 .006 .040

.0100 .0100 .0937 1.000 1.000 1.198 .042- .007 .092

.0100 .0150 .0185 1.000 1.000 1.120 .004 .007 .035

.0100 .0150 .0417 1.000 1.000 1.146 .006 .007 .041

.0100 .0150 .0937 1.000 1.000 1.198 .045 .008 .127

.0100 .0300 .0167 1.000 1.000 1.100 .004 .009 .015

.0100 .0300 .0434 1.000 1.000 1.136 .007 .010 .064

.0100 .0300 .0940 1.000 1.000 1.186 .030 .011 .097

.4000 .4000 .0500 2.933 .800 1.663 .024 .048 .099
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Wi W2 G WS HH XP Fmean Fmax Fmaxr

.4600 .4000 .1000 2.933 .800 1.663 .044 .045 .276

.4000 .6000 .1000 3.000 .800 1.663 .054 .091 .284

.4000 .4000 .0500 2.933 1.500 1.712 .022 .043 .072

.4000 .4000 .1000 2.933 1.500 1.712 .034 .046 .228

.4000 .6000 .1000 3.000 1.500 1.712 .040 .071 .207

.2000 .2000 .0500 2.933 .800 1.663 .014 .020 .107

.2000 .2000 .1000 2.933 .800 1.663 .041 .019 .289

.2000 .3000 .0500 3.000 .800 1.663 .018 .039 .100

.2000 .3000 .1000 3.000 .800 1.663 .046 .053 .299

.2000 .6000 .1000 3.000 .800 1.663 .063 .096 .339

.2000 .2000 .0500 2.933 1.500 1.712 .013 .021 .090

.2000 .2000 .1000 2.933 1.500 1.712 .028 .016 .236

.2000 .3000 .0500 3.000 1.500 1.712 .016 .033 .091

.2000 .3000 .1000 3.000 1.500 1.712 .031 .039 .242

.2000 .6000 .1000 3.000 1.500 1.712 .042 .072 .237

.1000 .1000 .0167 2.967 .800 1.667 .008 .009 .066

.1000 .1000 .0500 2.967 .800 1.663 .012 .007 .108

.1000 .1000 .1000 2.967 .800 1.663 .044 .011 .335

.1000 .1500 .0139 3.000 .800 1.667 .009 .016 .059

.1000 .1500 .0500 3.000 .800 1.663 .015 .021 .125

.1000 .1500 .1000 3.000 .800 1.663 .048 .023 .326

.1000 .3000 .0500 3.000 .800 1.663 .019 .042 .112

.1000 .3000 .1000 3.000 .800 1.663 .054 .054 .320

.1000 .1000 .0167 2.967 1.500 1.717 .007 .009 .057

.1000 .1000 .0500 2.967 1.500 1.712 .010 .008 .092

.1000 .1000 .1000 2.967 1.500 1.712 .033 .009 .288

.1000 .1500 .0139 3.000 1.500 1.722 .008 .017 .048

.0500 .0750 .0200 1.500 1.000 1.500 .012 .022 .046

.0500 .0750 .0500 1.500 1.000 1.500 .018 .022 .075

.0500 .0750 .1000 1.500 1.000 1.487 .035 .019 .174

.0500 .1500 .0200 1.500 1.000 1.500 .015 .037 .049

.05C0 .1500 .0417 1.500 1.000 1.500 .020 .038 .074

.0500 .1500 .0937 1.500 1.000 1.500 .036 .039 .155

.0200 .0200 .0200 1.500 1.000 1.500 .010 .010 .044

.0200 .0200 .0500 1.500 1.000 1.500 .017 .009 .074

.0200 .0200 .1000 1.500 1.000 1.487 .043 .011 .167

.0200 .0300 .0200 1.500 1.000 1.500 .010 .012 .046

.0200 .0300 .0500 1.500 1.000 1.500 .019 .022 .075

.0200 .0300 .1000 1.500 1.000 1.487 .039 .012 .140

.0200 .0600 .0200 1.500 1.000 1.500 .011 .020 .044

.0200 .0600 .0417 1.500 1.000 1.500 .01e .019 .068

.0200 .0600 .0937 1.500 1.000 1.500 .033 .018 .177

.0100 .0100 .0167 1.500 1.000 1.500 .010 .007 .045

.0100 .0100 .0469 1.500 1.000 1.500 .027 .008 .101

.0:00 .0300 .0200 1.500 1.000 1.500 .011 .010 .046

.0100 .0300 .0417 1.500 1.000 1.500 .015 .012 .084

.01c0 .0300 .0937 1.500 1.000 1.500 .035 .012 .137
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Table 5

Wi W2 G WS HH XP Fmean Fmax Fmaxr

.0500 .0500 .0139 1.000 1.000 1.069 .006 .012 .015

.0500 .0500 .0500 1.000 1.000 1.100 .013 .012 .057

.0500 .0500 .1000 1.000 1.000 1.150 .027 .014 .182

.0500 .0750 .0200 1.000 1.000 1.060 .009 .018 .021

.0500 .0750 .0434 1.000 1.000 1.094 .013 .020 .038

.0500 .0750 .0955 1.000 1.000 1.137 .025 .020 .171

.0500 .1500 .0167 1.000 1.000 1.033 .025 .045. .048

.0500 .1500 .0500 1.000 1.000 1.063 .019 .038 .054

.0500 .1500 .1000 1.000 1.000 1.112 .030 .u40 .148

.0200 .0200 .0139 1.000 1.000 1.097 .004 .007 .037

.0200 .0200 .0500 1.000 1.000 1.138 .008 .009 .070

.0200 .0200 .1000 1.000 1.000 1.188 .043 .010 .144

.0200 .0300 .0200 1.000 1.000 1.100 .006 .009 .027

.0200 .0300 .0434 1.000 1.000 1.128 .007 .010 .070

.0200 .0300 .0955 1.000 1.000 1.181 .032 .011 .212

.0200 .0600 .0167 1.000 1.000 1.083 .009 .016 .022

.0200 .0600 .0500 1.000 1.000 1.112 .011 .016 .040

.0200 .0600 .1000 1.000 1.000 1.163 .033 .018 .174

.0200 .0200 .0111 1.500 1.000 3.167 .037 .011 .467

.0100 .0100 .0116 1.000 1.000 1.123 .004 .006 .026

.0100 .0100 .0417 1.000 1.000 1.146 .005 .006 .040

.0100 .0100 .0937 1.000 1.000 1.198 .0412 .007 .090

.0100 .0150 .0185 1.000 1.000 1.120 .004 .007 .035

.0100 .0150 .0417 1.000 1.000 1.146 .006 .007 .041

.0100 .0150 .0937 1.000 1.000 1.198 .047 .008 .106

.0100 .0300 .0167 1.000 1.000 1.100 .004 .009 .018

.0100 .0300 .0434 1.000 1.000 1.136 .007 .010 .064

.0100 .0300 .0940 1.000 1.000 1.186 .031 .011 .090

.4000 .4000 .0500 2.933 .800 1.663 .028 .048 .099

.4000 .4000 .1000 2.933 .800 1.663 .045 .045 .276

.4000 .6000 .1000 3.000 .800 1.663 .054 .095 .284

.4000 .4000 .0500 2.933 1.500 1.712 .027 .043 .073

.4000 .4000 .1000 2.933 1.500 1.712 .039 .046 .228

.4000 .6000 .1000 3.000 1.500 1.712 .047 .087 .207

.2000 .2000 .0500 2.933 .800 1.663 .015 .020 .107

.2000 .2000 .1000 2.933 .800 1.663 .042 .018 .289

.2000 .3000 .0500 3.000 .800 1.663 .019 .046 .100

.2000 .3000 .1000 3.000 .800 1.663 .047 .051 .299

.2000 .6000 .1000 3.000 .800 1.663 .063 .095 .339

.2000 .2000 .0500 2.933 1.500 1.712 .015 .020 .089

.2000 .2000 .1000 2.933 1.500 1.712 .029 .016 .237

.2000 .3000 .0500 3.000 1.500 1.712 .019 .041 .091

.2000 .3000 .1000 3.000 1.500 1.712 .032 .042 .242

.2000 .6000 .1000 3.000 1.500 1.712 .046 .081 .237

.1000 .1000 .0167 2.967 .800 1.667 .008 .009 .066

.1000 .1000 .0500 2.967 .800 !.663 .012 .007 .108

.1000 .1000 .1000 2.967 .800 1.663 .051 .011 .335

.1000 .1500 .0139 3.000 .800 1.667 .009 .018 .058

.1000 .1500 .0500 3.000 .800 1.663 .015 .019 .125

.1000 .1500 .1000 3.000 .800 1.663 .054 .018 .326

.1000 .3000 .0500 3.000 .800 1.663 .019 .045 .112

.1000 .3000 .1000 3.000 .600 1.663 .058 .050 .320

.1000 .1000 .0167 2.967 1.500 1.717 .007 .009 .057

.1000 .1000 .0500 2.967 1.500 1.712 .011 .008 .092

.1000 .10C9 .1000 2.967 1.500 1.712 .034 .008 .287

.1000 .1500 .0139 3,000 1.500 1.722 .009 .019 .049
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W1 W2 G WS HH XP Fmean Fmax Fmaxr

.0500 .0750 .0200 1.500 1.000 1.500 .018 .022 .058

.0500 .0750 .0500 1.500 1.000 1.500 .027 .023 .107

.0500 .0750 .1000 1.500 1.000 1.487 .051 .020 .255

.0500 .1500 .0200 1.500 1.000 1.500 .032 .047 .069

.0500 .1500 .0417 1.500 1.000 1.500 .030 .042 .106

.0500 .1500 .0937 1.500 1.000 1.500 .052 .039 .232

.0200 .0200 .0200 1.500 1.000 1.500 .015 .009 .054

.0200 .0200 .0500 1.500 1.000 1.500 .023 .009 .106

.0200 .0200 .1000 1.500 1.000 1.487 .050 .010 .302

.0200 .0300 .0200 1.500 1.000 1.500 .015 .012 .062

.0200 .0300 .0500 1.500 1.000 1.500 .026 .026 .129

.0200 .0300 .1000 1.500 1.000 1.487 .054 .012 .239

.0200 .0600 .0200 1.500 1.000 1.500 .018 .020 .055

.0200 .0600 .0417 1.500 1.000 1.500 .024 .019 .098

.0200 .0600 .0937 1.500 1.000 1.300 .046 .018 .218

.0100 .0100 .0167 1.500 1.000 1.500 .015 .006 .061

.0100 .0100 .0469 1.500 1.000 1.500 .057 .008 .327

.0100 .0300 .0200 1.500 1.000 1.500 .015 .011 .059

.0100 .0300 .0417 1.500 1.000 1.500 .022 .013 .122

.0100 .0300 .0937 1.500 1.000 1.500 .043 .013 .224
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11. MICROSTRIP STEP MODEL

The physical structure of the step discontinuity in a package is shown in

Fig. 11.1.

wW
2  WS

Is X1  X2

d = x1 + x2 +21s

Fig. 11.1: Microstrip step discontinuity

This structure shows the feed lines and current sources used in the numerical

full wave analysis. The model of the step discontinuity is the 4-port

equivalent circuit shown in Figure 11.2.

LSM, I LSMo

S trans:form erLI

,
M icros trip C[microstrip

step

Fig. 11.2: Step discontinuity equivalent circuit
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In the model the quasi-static behaviour of the discontinuity is represented

by a T-equivalent circuit of inductors and a capacitor, La , Lb and C

respectively.

The circuit model Fig. 11.3, equivalent to Fig. 11.1, used in the

de-embedding of the numerical S-parameters, has transmission lines for the

microstrip and LSM, modes together with sources and microstrip-LSM o mode

coupling transformers N located at the wider feedstrip 
side and M1 and M2 and

at the sources are also required added to this discontinuity model.

-4 _ I" - '- 2 -- 1 -- S

LS OLs M LS MO L M

LSMM

transformers

01 microstrip C microstri P

step

Fig. 11.3: Equivalent circuit representation of step discontinuity in a

package

11.1. ANALYTIC FORMULAE FOR THE QUASI-STATIC STEP MODEL

A common quasi-static equivalent circuit used for the microstrip step is the

T-equivalent circuit of Fig. 11.4.

LQ Lb

0 C TI

Fig. 11.4: Quasi-static equivalent circuit model for the microstrip step

discontinuity
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In the model the inductances La and Lb represent the inductive behaviour of

the step discontinuity due to the disturbance of the current distribution on

the feed lines. The capacitance C describes the effect of the stray field at

the step in width of the wider feed line.

In order to obtain the circuit elements defining the gap discontinuity

quasi-static behaviour, a data base was generated with normalization of the

geometric parameters and frequency to the substrate height h=O.l mm. The

step geometries analysed were:

strip width w1 : 400pm, 200pm, 100pm, 50pm, 20pm, 10pm

strip width ratio w2 /w 1 2, 3, 4, 5, 6, 7, 8, 9, 10

package width ws: 0.6mm, 0.8mm, 1.Omm, 1.6mm, 3mm

cover height H: 0.5mm, 2mm

frequency: 5GHz - 30GHz

A preliminary modelling study using the full wave database was done to detect

any discrepancy. Correction factors for the elements of the equivalent

circuit model were introduced and the model elements modified by fitting the

S-parameters to the data base results. Investigation showed that the values

of the optimized correction factors differed considerably from a value of 1

for most step configurations, indicating that the basic description used was

not very accurate.

Due to these deviations some additional convergence tests were performed. It

was found that in certain cases results were not sufficiently convergent.

For the transmission parameter S12 and for the magnitude of the reflection

coefficients SII and $22 the deviation from the numerical data was quite

small (Figures 11.5-6, where x is the package length), large deviations

occurring in the S1I and $22 phases. The discrepancies were traced to the

fact that the S-parameters were normalized to 50 Ohm reference impedances.

As a result at low frequencies (quasi-static range) the magnitude of the
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Geometry: w1 = .100 w2= .300 h=  .100 H=l.00 Ws=2.000 xp=1.223

f/GHz

2. 4. 6. 8. 10. 12. 14. 16. 18.

.d.3____ __ ___ -.j

.999 __ - -' -

.996 __ - --- -

-1.3

.990 - -.-

.98? - -1.8
FULL-WRVE STATIC

Fig. 11.5: S12 for step configuration
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Geometry: wI= .180 w2- .308 h- .108 H=1.08 Ws=2.088 xp-1.223

f/GHz
2. 4. 6. 8. 10. 12. 14. iS. Ia.

IS1I - atg(SlI)

.022 
-100.

/ -128.

/'

/

.021 / -148.

-I O
. o -1 6 8 .

.020 _- __ _

-188.

.019 ] _ -208.

FULL-WAVE STATIC

Ceometry: > .100 w2= .30 h= .108 H=1.80 Ws=2.088 xp=1.223

f/GHz
2 4. 6. 6. 18. 12. 14. 16. 18.

/I ___-_ /____-20.

__2_ ____/ 2/

-68.

.020 ,

-88.

.819 ____ -180.
FULL-WAVE STRTIC

Fig. 11.6: SlI and S22 for step configuration
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reflection coefficients of the step discontinuity becomes relatively small.

The impedance of the elements La and Lb and the admittance of the element Cs

of the equivalent circuit model decrease and are zero for the static case and

the phase of S11 and S22 are no longer definable. These problems were

overcome by using double precision accuracy in the numerical full wave

analysis thus giving stable results for small steps in strip width and low

frequencies (f*h>O.05 GHz mm) and changing the reference impedance from 509

to the individual strip impedance values at zero frequency.

A major step in the generation of the final analytic formulae for the static

portion of the circuit model was to fit the S-parameters of the T-equivalent

circuit to the numerical data sets. The analytic formulae structure for the

elements of the circuit model were constructed to reflect the correct

asymptotic behaviour of the S-parameters for the limit of low strip width

ratios w2 /wl. Analytical formulae for La2 Lb and C developed from published

expressions (1) were used as a basis for refinement. The inductances La and

Lb were not fitted independently from each other, but were calculated from

the total inductance Ls=La+Lb and from the inductance ratio La/Lb. Thus Lb

and La are given by:

Lb=L / (1 + La/Lb ) and

La=Ls - Lb

The total inductance Ls was fitted using the correction factor FC ZLS, the

inductance ratio La/Lb using the correction factor FCZLAB and the

capacitance C using the correction factor FC YCS, respectively. These

correction factors were derived by first fitting for each data set

individually the S-parameters of the T-equivalent circut model to the data

base results. The correction factors obtained are listed in Table 1 (Section

11.5) for 127 data sets. As can be seen by inspection, the total inductance
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Ls and the capacitance C need only small refinement. Their correction

factors do not deviate significantly from the value of 1. However the La/Lb

ratio is obviously not predicted accurately by the basic formula.

At first it was found that the de-embedding was sensitive to the step

characteristic impedances. In the model the characteristic impedances are

predicted by the analytic formulae developed in Section 4 and are not exactly

identical to the characteristic impedances used in the 3D full-wave analysis.

To overcome this sensitivity the analytic characteristic impedances were

included in the fitting procedure to get high prediction accuracy for the

elements of the T-equivalent circuit together with a correction factor FC ZL

(ZLlI'=ZLl*FC_ZL, ZL 2 ' =ZL 2*FCZL where ZLl and ZL2 are the characteristic

impedance of the feedlines of width, w, and w2 respectively). The values of

the correction factor FC ZL are in the range of I<FC ZL<1.031 and reflect the

high quality of the analytic formulae (Table 1).

In a second step, the correction factors were used to develop the refined

analytic formulae for the static portion of the step equivalent circuit

model. The final analytic formulae obtained were:

2*n*f* Ls / 2 = 0.3774 * (f/GHz) * (h/mm) * (1 - Wleff /w 2eff) 1.545

* (w2 /w1 ) 0.75 * (wl/h)0 .629

2*,n*f* C/S = dl 2 *2 / ZL2 (1 - W1eff / w2eff) 1.5

La / Lb 0.1444 * (wleff/w2eff * (1 + 2.878*w2/w I )

the units being MKS unless stated otherwise. The parameters d12 , P2 and ZL2

are the effective open end length (determined as in Section 9), the

propagation constant and the characteristic impedance of the feedline of

width w2 , respectively, where the effective widths are given by the formulae

in Section 11.4.
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In Table 2 (Section 11.5) the mean deviation F mean the maximum deviation

Fmax and the relative maximum deviation Fmaxr for each data set are listed for

parameters S11, S12 and S22. The overall data set deviations are:

$11: F mean=1.63%, Fmax=4.63%, Fmaxr=lO.3%

S12: F mean=0.419%, F max= 1.72%, Fmaxr=2 .56%

$22: F mean=1.11%, Fmax=4.31%, Fmaxr=9.27%

Detailed inspection shows that the larger, maximum relative deviations are

related to the S-parameters for discontinuities of small ratios in strip

width (w2 /w 1=2). The respective maximum absolute deviations are also quite

small and the analytic formulae take the correct behaviour for small w2/w 1

ratios into account. The reflection coefficient residual error exceeds 2%

only for one input strip width (w 1 =O.2h) and width ratios larger than 6.

This can be attributed to accuracy limitations in the numerical data.

11.2. DESCRIPTION OF THE TRANSFORMERS IN THE DYNAMIC MODEL

Although in previous investigations on step discontinuity circuit models

circuits with 2 transformers at the step were studied (Section 5), it was

found that a single transformer was adequate (Fig. 11.3). From physical

considerations the transformer was positioned at the wider side of the step

discontinuity where the main excitation of the parasitic LSM o' mode occurs.

In this model the transformer ratio N has to reflect that when the feed lines

are of nearly equal strip width, there is no excitation of the parasitic

package mode and therefore the transformer ratio has to decrease with

decreasing w2 -w1 (w2 >wI).

The description of N for the step discontinuity can be determined from

studying the gap discontinuity in the case of small gap widths (g O). In

this case, the LSM 0 mode transmission line length g can be neglected, the
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transformers NI and N2 being connected in series. The package mode is then

excited by the fundamental microstrip mode depending on the difference

between N2 -N I . Based on these considerations the new formulae for the

transformer ratio N of the step discontinuity takes the form

N = N2 - N1

where N2 and NI are computed as for the gap discontinuity.

For fine tuning the transformer ratio description following data base was

generated:

strip width w1 -  200pm, 100pm, 50pm

strip width rato w2/w1 "  2, 3, 4, 5, 6, 7, 8, 9, 10

substrate width Ws "  1.6mm, 3.2mm

cover height H: imm

feed line ratio x1 /x 2: 0.6

frequency: 90GHz - 120GHz

The package length was chosen to have a package resonance frequency of about

107 GHz within the frequency range of interest.

Dynamic model 2-port S-parameters were generated and compared to the data

base results. However it was found that for several data sets the resonance

behaviour of the dynamic equivalent circuit model differed from the data base

S-parameters. An example of this is given for S12 in Fig. 11.7. Further

investigations found that the equivalent circuit model is correct, but that

the S-parameters of the step discontinuity model are sensitive with respect

to the propagation constants of the fundamental microstrip modes used in the

de-embedding on the feed lines. A similar sensitivity was found in the

previous section regarding the characteristic impedance of the fundamental
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f'GHz

'0. 93. 35. 98. 100. 103. 105. 108. 110. 113. 115. 118. 120.
SLZ -21___ arg(S12)
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- -_ - - -8_ .4.
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.92 -B.

FULL-WOVE _EYN. MODEL

Fig. 11.7: Deviation of the dynamic model from full wave analysis

Geometr-y: w A50 w2- .100 h' .100 H-1.00 Ws'1.600 xp=2.339

f/GHz

90 93. 95. 98. 100. 103. 105. 108. 110. 113. 115. 118. 120.

I , 'I I I ,,1 i.I12.

' II 4 .

.93 -4---_-.
I"'I.9.

.93 -4.

.92 - - - .-

FULL-WRVE _DYN. MODEL

Fig. 11.8: S12 for same step with propagation constant increase
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Geometry: wl= .200 w2
= .400 h= .100 H=1.00 Ws=1.600 xp=2.339

f/GHz

96. 93. 95. 98. 100. 103. 165. 168. 110. 113. 115. 118. 120.

.S21 _ - - ar (S-

-10.

15.

0.

.92

.90I i , I -20.

FULL-WRVE _DYN. MODEL

Fig. 11.9: S12 for transformer ratio verification, configuration 1

W" J0~2J00~ n '100 H-1.00 WS I.GaU xp-'233li

f 'GH
I. 'j Th. IS 100. 103. ! 5. 108. 110. 113. i15. 118. 120.

IS121 - aeg(SIz

.9 - -__--_ - , * - - 1-.96 __ . 4 I _- 5

.84 . . . ... _ . _ _ _ . _ _ _ _ _ 0.

188..

.90,

.78 '0-l .

.75 -15.

FULL-WRVE -DYN. MODEL

Fig. 11.10: S12 for transformer ratio verification, configuration 2
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microstrip mode. The results (Fig. 11.8) show parameters S12 of the same

step configuration but with the propagation constants increased slightly. As

can be seen the resonance behaviour of the dynamic equivalent circuit model

is in good agreement with the data base results.

In order to keep CPU times reasonable, the numerical analysis was performed

using a relatively low number of expansion functions. Nevertheless, the data

bas- generation was still time consuming. To overcome the sensitivity

problems, the propagation constants were fitted by correction factors during

the deembedding of the transfer ratio N.

As a result of comparing the resonance behaviour of the dynamic equivalent

circuit model to the data base S-parameters it was found that the formula

N = N2 - N1

provides a very good prediction of the coupling between the fundamental

microstrip mode and the LSMopackage mode. Further fine tuning was found not

to be necessary. Results in Figs. 11.9-11.10 show the achieved degree of

accuracy.

11.3. TRANSFORMER ANALYTIC FORMULAE FOR THE FREQUENCY TRANSITION REGION

Completion of the step discontinuity model description requires an

investigaton of the transition region. The transition region is defined as

the frequency range beyond the validity range of the static behaviour of the

step equivalent circuit model but reasonably below the package resonance

frequency. A variety of step configurations were thus studied in the

frequency range 0-120GHz (normalized frequency 0 < f~h4l2GHzmm).

The close relation between the equivalent circuit model for the step and the

gap discontinuity regarding the transformer ratios has been already
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Fig. 11.11: S12 for model verification, configuration 1
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Fig. 11.12: S12 for model verification, configuration 2
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explained. Based on these considerations it was expected that the analytic

formulae for the dynamic transformer ratics Ndyn developed for the gap

discontinuity can be applied successfully to the step discontinuity.

A dynamic transformer ratio description

Ndyn= N * cos 1(0.5* T*(f-fo)/fo), f<fo

Ndyn = N fbfo

was introduced for the step transformers MI, M2 and N, the parameters f0 and

f1 represented by the expressions.

f f * 1.4 * fo'* (I + exp(-O.638 * ws/h * H/h) )*

(1 - 2.33 * exp(-O.33 * Ws/h))

fo' = 1.0

f 2

A specific transition region data base of 27 configurations was generated for

final verification. The results (Figs. 11.11-12) show scattering parameters

S12 for two different step configurations. The geometrical parameters are
given in the header of the respective result figures. Fine tuning of

parameters fo' or f1 was found not to be necessary the model fitting the

data sets with sufficient accuracy.

11.4. STEP MODEL SUMMARY

A summary of the analytic formulae for the microstrip step discontinuity

(w 2 >w1 ) is given in this section, where ZL strip and eeff are

computed according to Section 4. All units are MKS except where stated in

the formulae.
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Quasi-static inductances L., Lb and capacitance C

2* * - / = 0.3774 * (f/GHz) * (h/mm) * (1 - w /en I W2eff) 1.545

S(W2/Wi) 0 .75 * (Wl/h)0 .6 29

2*-*f* C S= d12 * 32 / ZL2* (1 - Wleff / W2eff) 1'5

La / La = 0.1444 * (Wleff w2ef0) * (1 + 2.878*w2/wi)

Lb=Ls (1 + La/La) and

La=Ls- Lb

The parameters dl 2 , 02 and ZL2 are the effective open end length, the
propagation constant and the characteristic impedance of the feedline of

width w2 , respectively.

Transformer ratios N, M1, M2

MI = -Ndyn(Wl)

M2 = -Ndyn(W2)

N = Ndyn(W2) - Ndyn(Wi)

Ndyn (Wi) = N(wi) * cos f" ( 0.5*r.*(f-fo)/fo ) f<fo

N(wi) f > fo

N(wi) = 1.2/-, * ( cos ( *--- (ws - weff(w)) ) - cos ( 2-s *(Ws + wff(wi)) )
2Ws 2Ws

eff (LSMo ) = esta t  (I - (1)2)

C
with f - 0

c 2WS" Vest-at

and Cstat - Cr (H+h)

r

ZL (LSMo) H+h Zo

WVS  Istat /T- M

(Zo  120Ko, CO  2.9979 108 m/s)
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W1off = Z- * h / ZLmicrostriP(wi) / V effmicrostriP(w)

fo = fc 1.4 (1 -i exp(-0.0638 * Ws/h * H/h) )* (1 - 2.33 * exp(-0.33 * Ws/h))

fi = 2

Range of Model Validity

The step models are valid for the following ranges (GaAs dielectric constant

E = 12.9):

quasi-static model: 504m < h 4 200in

0.I w/h 4 4

2 4 w2/wl 4 10

6 4 Ws/h 4 30

5 4 H/h < 20

dynamic model: 0.5 < w/h < 2

2 4 w2/wl 4 10
5 4 Ws/h < 32

5 < H/h < 20

where the quasi-static model is that of Fig. 11.4 and the dynamic model that

of Fig. 11.2. The dynamic model range is valid for 0 < f*h < 12 GHz mm.

Package mode coupling has little influence for 0 <f*h < 3 GHz mm and the

quasi-- static formulae can be used on their own.
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Table 1
STEP GEOMETRY OPTIMIZED CORRECTION FACTORS

.................... .--- --------.. . .. . .... . . ---- .................

Wi W2 WS RH XP FCZLS FCZLAB FCYCS FCZL

----------------------------------------------------------
.4000 .8000 3.20 .50 3.20 1.159 1.211 .349 1.007
.4000 1.2000 3.20 .50 3.20 1.150 18.609 .490 1.008
.4000 1.6000 3.20 .50 3.20 1.193 21.390 .519 1.008
.4000 2.0000 3.20 .50 3.20 1.272 2.413 .471 1.007
.4000 2.4000 3.20 .50 3.20 1.437 .533 .494 1.003
.4000 .8000 3.20 2.00 3.20 1.429 10.277 .487 1.003
.4000 1.2000 3.20 2.00 3.20 1.257 20.761 .646 1.005
.4000 1.6000 3.20 2.00 3.20 1.278 .928 .690 1.010
.4000 2.0000 3.20 2.00 3.20 1.387 1.882 .694 1.009
.4000 2.4000 3.20 2.00 3.20 1.554 36.793 .687 1.004
.2000 .4000 3.20 .50 3.20 .603 5.307 .290 1.008
.2000 .6000 3.20 .50 3.20 .824 17.768 .489 1.011
.2000 .8000 3.20 .50 3.20 .942 25.053 .551 1.013
.2000 1.0000 3.20 .50 3.20 1.144 -. 198 .825 1.027
.2000 1.2000 3.20 .50 3.20 .942 38.127 .585 1.014
.2000 1.4000 3.20 .50 3.20 1.011 35.995 .597 1.019
.2000 1.6000 3.20 .50 3.20 1.062 39.498 .593 1.017
.2000 1.8000 3.20 .50 3.20 1.113 39.830 .582 1.016
.2000 2.0000 3.20 .50 3.20 1.173 30.838 .566 1.014
.2000 .4000 3.20 2.00 3.20 1.133 -. 549 .403 1.008
.2000 .6000 3.20 2.00 3.20 1.015 24.338 .601 1.008
.2000 .8000 3.20 2.00 3.20 .984 26.492 .690 1.009
.2000 1.0000 3.20 2.00 3.20 .999 15.873 .743 1.010
.2000 1.2000 3.20 2.00 3.20 1.028 44.094 .769 1.011
.2000 1.4000 3.20 2.00 3.20 1.074 .649 .786 1.016
.2000 1.6000 3.20 2.00 3.20 1.126 .457 .798 1.017
.2000 1.8000 3.20 2.00 3.20 1.178 6.691 .797 1.011
.2000 2.0000 3.20 2.00 3.20 1.241 1.037 .796 1.014
.1000 .2000 1.07 .50 1.07 .988 -.503 .318 1.007
.1000 .3000 1.07 .50 1.07 .827 12.121 .518 1.011
.1000 .4000 1.07 .50 1.07 .779 23.333 .634 1.016
.1000 .5000 1.07 .50 1.07 .764 43.490 .707 1.019
.1000 .2000 1.07 2.00 1.07 1.384 3.937 .307 1.007
.1000 .3000 1.07 2.00 1.07 .956 13.971 .519 1.012
.1000 .4000 1.07 2.00 1.07 .853 25.800 .639 1.016
.1000 .5000 1.07 2.00 1.07 .827 37.012 .711 1.021
.1000 .2000 1.60 .50 1.60 -.797 .873 .333 1.006
.1000 .3000 1.60 .50 1.60 .300 10.105 .517 1.010
.1000 .4000 1.60 .50 1.60 .471 19.790 .629 1.012
.1000 .5000 1.60 .50 1.60 .555 26.498 .695 1.015
.1000 .6000 1.60 .50 1.60 .597 44.984 .745 3 015
.1000 .7000 1.60 .50 1.60 .646 38.457 .773 1.016
.1000 .8000 1.60 .50 1.60 .676 59.403 .794 1.016
.1000 .9300 1.60 .50 1.60 .725 38.370 .808 1.017
.1000 1.0000 1.60 .50 1.60 .755 52.983 .814 1.017
.1000 .3000 1.60 2.00 1.60 .622 10.173 .525 -1.008
.1000 .4000 1.60 2.00 1.60 .655 17.043 .642 1.010
.1000 .5000 1.60 2.00 1.60 .690 28.052 .712 1.013
.1000 .6000 1.60 2.00 1.60 .702 55.286 .762 1.013
.1000 .7000 1.60 2.00 1.60 .741 53.604 .795 1.015
.1000 .8000 1.60 2.00 1.60 .767 52.050 .814 1.015
.1000 .9000 1.60 2.00 1.60 .797 58.673 .834 1.017
.1000 1.0000 1.60 2.00 1.60 .824 57.394 .840 1.018
.0500 .1000 1.07 .50 1.07 .953 1.127 .198 1.003
.0500 .1500 1.07 .50 1.07 .790 3.929 .410 1.006
.0500 .2000 1.07 .50 1.07 .595 6.665 .504 1.008
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.500 .2500 1.07 .50 1.07 523 17.257 .597 1.011
500 300 .7 .50 1.07 .566 17.551 .657 1.011

-0500 .3500 1.07 .50 1.07 .613 16.626 .691 1.014
.3500 .4000 1.07 .50 1.07 .605 25.822 .745 1.015
.0500 .4500 1.07 .50 1.07 .609 34.450 .773 1.016
.C500 .5000 1.07 .50 1.07 .643 22.384 .789 1.017
.0500 .1000 1.07 2.00 1.07 1.640 1.000 .207 1.004
.0500 .1500 1.C7 2.00 1.07 1.008 3.427 .390 1.006
.0500 .2000 1.07 2.00 1.07 .790 9.677 .500 1.009
.0500 .2500 1.07 2.00 1.07 .699 -.130 .595 1.011
0500 .3000 07 2.00 1.07 .705 22.840 .651 1.013

.0500 .3500 1.07 2.00 1.07 .690 16.126 .701 1.016

.0500 .4000 1.07 2.00 1.07 .644 35.912 .740 1.016

.0500 .4500 1.07 2.00 1.07 .632 34.988 .770 1.017
0500 .5000 1.07 2.00 1.07 .697 31.760 .791 1.019

.0500 1000 1.60 .50 1.60 -2.286 1.113 .218 1.004

.0500 .2000 .60 .50 1.60 .207 17.671 .507 1.007

.0500 .2500 1.60 .50 1.60 .291 8.587 .587 1.009

.0500 .3000 1.60 .50 1.60 .412 20.185 .650 1.011

.0500 .3500 1.60 .50 1.60 .402 16.065 .696 1.012

.0500 .4000 1.60 .50 1.60 .468 22.486 .733 1.012
.0500 .4500 1.60 .50 1.60 .523 30.332 .758 1.015
.0500 .5000 1.60 .50 1.60 .529 41.339 .784 1.014
.0500 .1000 1.60 2.00 1.60 -. 297 1.013 .254 1.004
.0500 .1500 1.60 2.00 1.60 .341 7.546 .393 1.005
.0500 .2000 1.60 2.00 1.60 .476 7.332 .505 1.007
.0500 .2500 1.60 2.00 1.60 .539 9.016 .597 1.008
.0500 .3000 1.60 2.00 1.60 .500 16.479 .655 1.008
.0500 .3500 1.60 2.00 1.60 .533 17.873 .702 1.010
.0500 .4000 1.60 2.00 1.60 .603 44.782 .74') 1.011
.0500 .4500 1.60 2.00 1.60 .592 33.597 .7b8 1.012
.0500 .5000 1.60 2.00 1.60 .623 28.504 .796 1.012
.0200 0467 .85 .50 .85 5.272 1.060 .129 1.004
.0200 .0600 .85 .50 .85 2.439 1.237 .220 1.006
.0200 .0867 .85 .50 .85 1.303 4.796 .337 1.008
.0200 .1000 .85 .50 .85 1.135 5.342 .399 1.010
.0200 .1267 .85 .50 .85 .920 8.002 .470 1.012
.0200 .1400 .85 .50 .85 .811 7.719 .509 1.012
.0200 .1667 .85 .50 .85 .883 16.944 .562 1.015
.0200 .1800 .85 .50 .85 .818 11.574 .588 1.016
.0200 .2067 .85 .50 .85 .673 17.585 .625 1.018
.0200 .0467 .85 2.00 .85 5.122 1.013 .049 1.004
.0200 .0600 .85 2.00 .85 2.873 .984 .211 1.006
.0200 .0867 85 2.00 .85 1.435 2.103 .340 1.009
.0200 .1000 .85 2.00 .85 1.170 11.268 .388 1.011
.0200 .1267 .85 2.00 .85 .861 8.146 .470 1.013
.0200 .1400 .85 2.00 .85 .866 9.227 .501 1.013
.0200 .1667 .85 2.00 .85 .724 14.494 .563 1.016
.0200 .1800 .85 2.00 .85 .698 14.097 .592 1.017
.0200 .2067 .85 2.00 .85 .631 15.651 .621 1.018
.0100 .0300 .64 .50 .64 7.018 2.756 .012 1.014
.0100 .0400 .64 .50 .64 3.957 4.641 .149 1.017
.0100 .0500 .64 .50 .64 2.686 6.762 .220 1.020
.0100 .0600 .64 .50 .64 1.943 8.965 .298 1.02
.0100 .0700 .64 .50 .64 1.645 10.296 .335 1.%4
.0100 .0800 .64 .50 .64 1.445 8.780 .391 1 .26
.0100 .0900 .64 .50 .64 1.415 14.366 .413 1.028
.0100 .1000 .64 .50 .64 1.191 12.627 .460 1.030
.0100 .0200 .64 2.00 .64 28.171 1.138 -.154 1.010
.0100 .0300 .64 2.00 .64 7.404 3.232 .019 1.014
.0100 .0400 .64 2.00 .64 4.101 2.053 .15t 1.018
.0100 .0500 .64 2.00 .64 2.867 6.006 26 1.021
.0100 .0600 .64 2.00 .64 1.973 10.403 .293 1.023
.0100 .0700 .64 2.00 .64 1.589 13.498 .344 1.025
.0100 .0800 .64 2.00 .64 1.332 7.704 .394 1.027
.0100 .0900 .64 2.00 .64 1.206 6.50r .415 1.029
.0100 .1000 .64 2.00 .64 1.328 19.7bZ .463 1.031
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Table 2

. HW Ii XP S12 S22
Fmean Fmax Fma.z Fmean Fmax Fmaxr Fmean Fmax Fmaxi

.:42 C7 .062 .008 .012 .013 .028 .011 .040

.0 3- .2 .O22 .050 .010 .013 .015 .021 .014 .032
.4 1.6 3.2 .. 2.4 .43 .034 .064 .014 .017 .020 .022 .024 .045
.4 2.3 3.2 . Z DC .000 .000 .000 .000 .000 .000 .000 .000

2.4 -.2 .. .000 .000 .000 .000 .000 .000 .000 .000 .000
.8 3.2Z.0 1.2 .015 .0C6 .021 .002 .005 .005 .014 .006 .020

.4 1.2 .2 2.3 3.2 .014 .011 .025 .004 .010 .012 .011 .007 .017

.4 .6 3.2 7.^ 3.2 .020 .022 .042 .005 .014 .016 .010 .008 .016

.4 2.0 3.7 2.0 3.2 .000 .000 .000 .000 .000 .000 .000 .000 .000

. Z.4 3.Z .1 3.2 .000 .000 .000 .000 .000 .000 .000 .000 .000

.2 .4 3. .5 3Z .026 .009 .039 .006 .007 .007 .018 .006 .025
.6 3-2 .5 3.2 .016 .012 .031 .003 .006 .006 .014 .010 .026
.8 3.2 c 3.2 .019 .015 .030 .004 .006 .007 .015 .014 .029

. L.C .5 .. 000 .000 .000 .000 .000 .000 .000 .000 .000
1. .2 .5 3.2 .021 .018 .030 .010 .012 .015 .018 .023 .038

,4 3 .023 .025 .038 .010 .012 .015 .019 .028 .043
S .3 3.2 .025 .029 .042 .012 .014 .019 .020 .033 .048
. .8 3.2 . .2 .029 .035 .049 .014 .016 .022 .022 .038 .053
2 2.2 . .. 34 .046 .063 .016 .017 .026 .024 .043 .058

3.. 2.2 - 0.1: .004 .017 .001 .002 .002 .010 .003 .014
.z .5 -.z 2.. 2.2 .008 .008 .020 .004 .008 .008 .006 .003 .009
.z .8 .2 2., . 39 .011 024 .006 .010 .011 .006 .004 .009
.z 2-c 3.2 2.2 3.2 .010 .014 .026 .006 .010 .012 .006 .005 .009
.2 1.2 3.2 2.2 3.2 .011 .017 .029 .005 .010 .012 .006 .005 .009
.2 14 3.2 2.C3.2 .012 .021 .032 .004 .010 .013 .006 .006 .009
.2 1.6 3.2 2.1. 3.2 .015 .025 .037 .005 .011 .014 .007 .008 .011
.2 1.8 3.2 2.3 3.2 .019 .033 .047 .007 .013 .018 .007 .008 .011
.2 2.0 ." 2.D 3.2 .025 .046 .062 .009 .016 .024 .008 .012 .016

.2 1.1 .5 1.1 .009 .003 .014 .001 .002 .002 .007 .002 .010
.5 I.' .008 .004 .013 .003 .004 .004 .005 .003 .008

.4 1.i .5 .. 1 .008 .006 015 .004 .005 .005 .004 .004 .009
S .5 .007 .007 .014 .005 .005 .006 .005 .004 .009
.2 1." 2.0 1.1 CI .003 .017 .002 .002 .003 .008 .002 .012
.3 !.' 2.0 .. 010 .005 .015 .004 .004 .004 .003 .002 .006

.i .4 !.1 2.2 1.1 .010 .005 .013 .006 .006 .006 .003 .003 .006
.5 . 2.0 1.1 .011 .006 .013 .006 .006 .007 .003 .004 .008

. 2 1.6 .5 1.6 .030 .012 .059 .005 .010 .010 .021 .008 .040
. 3 1.6 .5 1.6 .019 .012 .038 .003 .007 .007 .013 .008 .023
.4 1.6 .5 1.6 .016 .013 .031 .003 .006 .006 .012 .008 .019

. .51.6 .5 1.6 016 .013 026 003 .005 .006 .011 .008 .016

.6 1.6 .5 1.6 .013 .013 .025 .003 .005 .006 .010 .008 .014

.7 1.6 .5 1.6 .013 .014 .023 .003 .006 .007 .009 .007 .012
.1 .9 1.6 .5 1.6 .014 .014 .023 .004 .006 .008 .009 .007 .011
.1 .9 1.6 .5 1.6 .015 .014 .022 .005 .007 .009 .007 .006 .009
. 1.0 1.6 .5 1.6 .016 .015 .023 .006 .008 .011 .006 .006 .008

.1 .2 1.6 2.0 1.6 .015 .005 .028 .002 .004 .004 .011 .004 .020
.3 1.6 2.0 1.6 009 .005 015 001 .004 .004 .008 .004 .013

1 .4 1.6 2.0 1.6 .007 .005 .011 .002 .004 .004 .008 .005 .013
1 .5 1.6 2.0 1.6 .006 .005 009 .003 .004 .005 .008 .006 .013
. .6 1.6 2.0 1.6 .004 .004 007 .003 .003 03 .009 .006 .012

.1 .7 1.6 2.0 1.6 .005 .004 .006 .003 .004 .004 .008 .006 .011

.1 .8 1.6 2.0 1.6 .006 .007 .011 .003 .005 .006 .008 .006 .010

.1 .9 1.6 2.0 1.6 .005 .004 .006 .002 .003 .004 .007 .006 .009

.1 1.0 1.6 2.0 1.6 .006 .005 .007 .001 .002 .002 .006 .005 .008
.05 .101.07 .5 1.1 .014 .004 .025 .002 .002 .003 .012 .003 .020
.05 .151.07 .5 1.1 .012 .005 .020 .002 .004 .004 .008 .003 .012
.05 .201.07 .5 1.1 .009 .007 .019 .002 .005 .005 .005 .003 .009
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STEP 0ME:my

WI W2 WS .x, S2i S12 S22

Fnean Fmax Fmaxr Fmean Fmax Fmaxr Fmearn Fmax Fmaxi

.05 .251.07 i.1 .007 .007 .018 .003 .005 .006 .004 .003 .007

.C5 .301.07 .5 1.1 .006 .005 .011 .002 .004 .004 .005 .004 .009.05 .351.37 .5 i.1 .008 .009 .019 .004 .006 .007 .005 .005 .009. .401.07 .5 1.i .005 006 011 003 .004 .005 .005 .005 .010

.5 .451.07 .5 !.1 .005 .006 .010 .003 .004 .005 .005 .006 .011.05 .501.07 .5 1.. .009 .013 .023 .005 .008 .010 .006 .006 .010.05 .101.07 2.0 1.1 .016 .004 .026 .001 .002 .003 .014 .003 .021

.35 .151.07 2.0 1.1 .014 .006 .023 .003 .004 .004 .009 .004 .015.05 .201.07 2.0 1.1 .013 .008 .025 .004 .006 .007 .007 .004 .012

.05 .251.07 2.0 '.! .009 .007 .018 .004 .005 .006 .004 .003 .007.05 .301.07 2.0 1.1 .011 .008 .018 .005 .006 .007 .004 .003 .006

.05 .351.07 2.0 1.1 .011 .010 .021 .006 .007 .008 .004 .004 .008

.05 .401.07 2.0 1.1 .007 .009 .017 .005 .006 .007 .005 .005 .009.05 .451.07 2.0 1.1 .004 .006 .010 .004 .004 .005 .006 .005 .009.05 .501.07 2.0 !.1 .009 .012 .020 .006 .007 .009 .005 .005 .009

.05 .101.60 .5 1.6 .028 .008 .050 .004 .007 .007 .020 .006 .036

.05 .151.60 .5 1.6 .017 .009 .034 .003 .006 .007 .011 .006 .021.05 .201.60 .5 1.6 .014 .009 .028 .003 .005 .006 .009 .006 .017.05 .251.60 .5 1.6 .013 .010 .024 .003 .005 .005 .009 .006 .014.05 .301.60 .5 1.6 .012 .011 .023 .003 .005 .005 .008 .006 .013

.05 .351.60 .5 1.6 .015 .011 .022 .003 .005 .005 .009 .007 .013.05 .401.60 .5 1.6 .012 .012 .022 .003 .005 .005 .008 .007 .013.Z5 .451.60 .5 1.6 .013 .011 .020 .004 .007 .008 .008 .006 .011

.05 .501.60 .5 1.6 .011 .013 .021 .003 .005 .006 .008 .007 .012

.05 .101.60 2.0 1.6 .014 .003 .020 .002 .004 .004 .010 .002 .015.05 .151.60 2.0 1.6 .007 .003 .013 .001 .002 .002 .005 .002 .008
-5 .201.60 2.0 1.6 .006 .004 .010 .001 .003 .003 .005 .003 .009.05 .251.60 2.0 1.6 .007 .006 .014 .002 .005 .005 .005 .004 .009

.05 .301.60 2.0 1.6 .007 .004 .009 .002 .004 .004 .007 .005 .010.05 .351.60 2.0 1.6 .007 .006 .012 .002 .005 .005 .007 .006 .011. 5 .401.60 2.0 1.6 .009 .008 .014 .004 .006 .007 .006 .006 .011

.05 .451.60 2.0 1.6 .007 .006 .011 .003 .006 .007 .007 .006 .011

.35 .501.6C 2.0 1.6 .007 .006 .011 .004 .005 .006 .007 .007 .012

.02 .05 .85 .5 .9 .041 .006 .045 .003 .004 .004 .034 .005 .038.02 .06 .85 .5 9 .029 .006 .032 .003 .004 .004 .024 .005 .026

.32 .09 .85 .5 9 .023 .008 .030 .003 .005 .005 .017 .006 .022•02 .10 .65 5 9 .122 .009 .030 .004 .005 .005 .015 .006 .019

.02 .i3 .85 .5 .9 .020 .010 .028 .004 .006 .006 .012 .006 .016.02 .14 .85 .5 .9 .018 .008 .021 .004 .005 .005 .010 .004 .011

.02 .17 .85 .5 .9 .021 .015 .034 .006 .009 .010 .010 .006 .015.02 .18 .85 .5 .9 .020 .011 .025 .006 .006 .007 .009 .005 .011

.02 .21 .85 .5 .9 .014 .011 .G23 .004 .006 .007 .006 .004 .008

.02 .05 .85 2.0 .9 .043 .007 .047 .003 .004 .004 .036 .006 .040.02 .06 .85 2.0 .9 .033 .008 .043 .003 .005 .005 .026 .006 .033

.02 .09 .85 2.0 .9 .025 .008 .028 .004 .005 .005 .017 .005 .019.02 .10 .85 2.0 .9 .022 .008 .026 .004 .005 .005 .015 .005 .017.02 .13 .85 2.0 .9 .018 .009 .024 .004 .005 .005 .011 .005 .013

.02 14 .85 2.0 .9 .019 .009 .024 .004 .005 .006 .010 .005 .013

.02 .17 .85 2.0 .9 .015 .010 .024 .004 .006 .006 .008 .005 .011.02 .18 .85 2.0 .9 .014 .008 .017 .004 .004 .005 .006 .003 .008.02 .21 .85 2.0 .9 .012 .010 .022 .004 .006 .007 .005 .004 .008

.01 .02 .64 .5 .6 .000 .000 .000 .000 .000 .000 .000 .000 .000.01 .03 .64 .5 .6 .052 .011 .067 .004 .005 .005 .044 .010 .057.01 .04 .64 .5 .6 .044 .012 .056 .004 .005 .005 .035 .010 .046

.01 .05 .64 .5 .6 .039 .013 .049 .005 .005 .005 .030 .010 .039

.01 .06 .64 .5 .6 .033 .012 .041 .004 .005 .005 .025 .009 .031

.197.



..Z .S . XP SlI S12 S22
Fmean Fmax Fmaxr Fmean Fmax Fmaxr Fmean Fmax Fmaxi------------. ------ -G----------------6-------------?G?Z------

.01 .07 .b4 .5 .6 .032 .013 .041 .004 .005 .005 .023 .010 .031

.01 .08 .64 .5 .6 .030 .015 .041 .005 .006 .007 .021 .010 .028

.01 .09 .64 .5 .6 .032 .018 .047 .005 .008 .009 .021 .011 .029

.01 .10 .64 .5 .6 .028 .017 .043 .005 .008 .008 .019 .010 .026

.01 .02 .64 2.0 .6 .082 .010 .104 .005 .005 .005 .073 .009 .093

.01 .03 .64 2.0 .6 .053 .011 .069 .004 .005 .005 .044 .010 .058

.01 .04 .64 2.0 .6 .044 .012 .057 .005 .005 .005 .035 .010 .046

.01 .05 .64 2.0 .6 .040 .013 .052 .005 .006 .006 .030 .010 .040

.01 .06 .64 2.0 .6 .033 .012 .041 .004 .005 .005 .025 .009 .032

.01 .07 .64 2.0 .6 .031 .012 .037 .004 .005 .005 .022 .009 .027

.01 .08 .64 2.0 .6 .028 .012 .034 .004 .005 .005 .020 .009 .025

.01 .09 .64 2.0 .6 .028 .015 .041 .004 .007 .007 .019 .010 .026

.01 .10 .64 2.0 .6 .031 .020 .051 .006 .010 .011 .020 .012 .029
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12. MICROSTRIP 900 BEND MODEL

The physical realisation of the 900 bend in a package is shown in Fig. 12.1.
is xi d

PT

h -H-- T -0.2

1 02 J, TIs

Fig. 12.1: Microstrip 900 bend structure in a package

where the package is described by its width ws and its cover height H. The

bend feedlines stripl and strip2 are centred in the package. The figure also

shows the total current sources I01 and 102 used in the full field analysis.

The dynamic equivalent circuit model description of this situation is shown

in Fig. 12.3.

LSM 1LSMo 1

N3

LSM0 2

Fig. 12.2: Dynamic equivalent circuit model
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The model includes a quasi-static T-equivalent circuit model described by two

inductors and a capacitor, the microstrip-LSMo mode coupling transformers M1,

M2, NI and N2 and the bidirectional LSMQU - LSM02 coupling transformer N3.

The bend discontinuity stripped of feedlines and current sources is shown

in Figure 12.2.

- " w2 +d -

LSM LSMo

LES ] "-V. 7 01 N

t
i

p 1  N1  T

Hx,-i RP1~ i_- LS 0
RP2

T N2

X2  strip2 LSM 2

2 Is

S02 T

Fig. 12.3: Equivalent circuit representation of a bend discontinuity in a

package

12.1. EXPRESSIONS FOR THE STATIC PART OF THE DYNAMIC BEND MODEL

The quasi-static equivalent circuit model in F;gure 12.4 was used for the

900-bend discontinuity. This equivalent circuit model has been used

extensively in the technical literature (1,2), the element values being

expressed by anaytical formulae.
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La Lb

c-i- 3

0C :E __

Fig 12.4. Quasi-static equivalent circuit model for the microstrip
90°-bend discontinuity.

Static Model Full Wave Database

A specific quasi-static data base for the 900-bend was generated using the

full-wave analysis program. For the database the 90°-bend configurations

were analysed for frequencies of 5 GHz to 30 PHz in steps of 5 GHz, the

geometrical parameters of the 90°-bend configurations being chosen for values

of strip widths wi and w2 and package dimensions H and Ws normalized to the

substrate height h=O.l mm as outlined in Fig. 12.1.

The cover heights used in the generation of the data base were 0.5 mm and

2 mm, with package dimension, width/lengths Ws = 3.2 mm, 2.1 mm, 1.6 mm and

1.3 mm and the position of stripl was fixed at the centre of the package xm
0.5*w s and that of strip2 d = 1s + x I .

The feed line widths and ratios were:

w, = 400 pm, 200 pro, 100 Ain, 50 pn, 20 pin, 10 m, and

w2/w1  = 1, 1.25, 1.5, 2, 3, 4, 5.

From all possible parameter combinations a subset of 85 different bend

configurations were analysed to generate the specific quasi-static data

base.
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Due to a high CPJ time requirement, tests performed for full convergence of

the numerical computations were limited. Convergence checks for bend

configurations with very narrow feed lines showed an accuracy of about 5%,

the accuracy being better for wide strips. Strip widths of less than 10 4m

were not analysed because the numerical computations would have taken too

long a time or the achievable accuracy would not have been acceptable.

Expressions for the Static Model Description

As a basis for the static modelling, analytical formulae were taken fc- the

unsymmetric 90°-bend from the Ph.D thesis by Kirschning (2).

The S-parameters of the T-equivAlent circuit model were fitted to the

numerical data sets for the generation of the analytic formulae describing

the static behaviour of the bend equivalent circuit mooel. During this

process the inductances La and Lb were not fitted independently of eaci other,

but were calculated from the total inductance Ls=La+Lb and the inductance

ratio La/Lb similar to the step discontinuity.

The total inductance Ls was fitted using the correction factor FC ZLS; the

inductance ratio, La/Lb using the correction factor FCZLAB and the

capacitance C using the correction factor FC YCS. These correction factors

were derived by first fitting the S-parameters of the T-equivalent circuit

model for each data set to the numerical data base results. The correction

factors obtained are listed in Table I (Section 12.6) for 85 da*1 sets.

A detailed look at the correction factor showed that the basic analytical

expression did not reflect the correct behaviour of the bend discontinuity

(correction factors far away from the value 1). Only for symmetrical bends

do the expressions show a reasorable accuracy. However using these factors,

a new set of analytic formulae were derived:

.202.



2".*f Ls / 9 = 2** (f/GHz) * (h/mm) * 0.1865 * ( Li + L2

* (W2/Wl)0.558 (1- 0.0303"Wl/h)

* exp ( -0.214*(w2/wv-1 ) 0 .07 5 1 * (wi/h)" - 4 19

Li = ( 1 - 1.667 * exp( -0.5862*(w/h) 1 ' 6 ) *

( 1 + 0.691* exp( -3.88*(wi/h-1.2)2

L2 = (I - 1.667 * exp( -0.5862*(w2/h)l ° 6 ) *

(1 + 0.691* exp( -3.88*(w2/h-1.2) 2

* C / S 2*.* (f/GHz) * (h/mm) *

(104.0*(wi/h) 2 .179 + 55.66*(wi/h) - 10.36*exp(-4.1*wj/h) ) *

( 6.55 - 5.55*exp( -0.2022*(W2/w1-1) 0 .7 17 2 ) ) *

(w2/w) 0.842( 1 - 0.176 * wi1h) *

exp( -. 0581*(w2/w-1) 1 12 * (wih)-0 .5 77 5

with La Ls -Lb

Lb = LsI (1 + La/Lb)

La Lb = 0.5 * ( 1 + (w2/wl) 11.211.8* w l /h

where the units are MKS unless otherwise stated in the formulae.

In Table 2 (Section 12.6) the mean deviation F mean, the maximum deviation

Fmax and the relative maximum deviation Fmax are listed for parameters SI,

S12 and $22 for each data set. The overall deviations considering all

evaluated data sets are:

SI: F mean =3.38%, Fmax=O.0308, Fmaxr=4 7 .9%

S12: F mean =0.56%, Fmax=O.0381, Fmaxr=4 .02%

$22: F mean=3.00%, F max=0.0256, Fmaxr:4 7 .9%
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As found with the microstrip step discontinuity the larger maximum relative

deviations occur for discontinuities of small strip widths (e.g. w1 =w2=50m,

w1=10m/w2=12.5pm). For these two cases the maximum absolute deviations are

still quite small (F max=0.004, F max=0.01) and acceptable for design

applications. Reasonable high accuracy was achieved for strip width ratios

of up to w2 /w1=5.

12.2. STUDY OF THE STATIC MODEL OVER THE COMPLETE FREQUENCY RANGE

In order to bring out the basic dynamic behaviour of the bend discontinuity,

representative discontinuity structures were reanalysed over an increased

frequency range of 120 GHz. These bends were described by the following

geometry parameters; w, = 125pm, 62,26m, w2/w, = 1, 2, and H = 0.5mm, imm.

Package lengths equal to the package widths of Ws=lmm and Ws=2mm, were used,

the bend position in the package being either in the centre or defined by

x1=O.7x, centre and x2=O.7x2 centre respectively.

Based on the full-wave data generated, it was identified that in order to

obtain a good fit over the extended frequency range, the quasi-static portion

of the circuit model should be extended to have a more frequency dependent

description. The impedances and admittances of the elements La9 Lband C of

the equivalent circuit model of Fig. 12.4 were therefore defined as follows:

ZLa = j 2n (f + F2*f 2 + F4*f 3...) *La

ZLb = j 2,E (f + F2*f 2 + F4*f 3...) *Lb

yC = Y 2n (f + F3*f 2 + F5*f 3...) *C

with frequency expanded correction factors.
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Fig. 12.6: 90 bend S12
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In the preliminary investigation only the factors F2 and F3 were considered

in the S-parameter fitting procedure. Their optimised values are shown in

Table 3 (Section 12.6). A further round of fitting taking into account the

f3 dependent factors was done, the values of F2, F3, F4 and F5 being listed

in Table 4 (Section 12.6). As can be seen only the correction factors F2 and

F3 are needed to give sufficient accuracy.

In order to emphasise the need for a complex description of the static model

an investigation on individual bend configurations within narrow packages was

made in order to highlight package resonance effects. In Figs. 12.5 and 12.6

the S11 and S12 magnitude and phase are shown for symmetric bend configura-

tion of strip width 125 1am. The choice of package dimensions of 1mm (length,

xp and width, ws ) ensured that the package resonance frequency was much

higher than 120 GHz. In the results the scattering parameters are also shown

for the modified dynamic circuit model and the static circuit model. It can

be seen that the static model gives agreement up to 30-40 GHz but the

modifications are important to obtain an accurate model valid through 120

GHz.

12.3. TRANSFORMER RATIO EXPRESSIONS FOR THE DYNAMIC MODEL

In order to understand the behaviour of the coupling between the microstrip

and LSM o package modes a study was done for a few individual bend structures.

These structures were situated in a wide package of width = 2 mm, length = 2

mm and cover heights 0.5 and 1.0 mm to enhance the resonance effects.

Comparative full wave and modified dynamic model S11 and S12 parameters were

plotted in the same figures.

The results for the bend centred in the package with strip widths of 0.125 mm

can be seen in Figs. 12.7 and 12.8 for 1.00 mm cover height and Figs. 12.9

and 12.10 for 0.5 mm cover height. As can be seen the full wave and dynamic

models agree well. The strength of the resonance however increases with
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Fig. 12.7: SII for 900 bend, cover height 1.0 mm

Geometry: ,w1=  .125 w2= .125 h= .100 H=I.00 Ws=2.000 xp=2.0 0

f/GHz
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Fig. 12.8: S12 for 900 bend, cover height 1.0 mm
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Geometry: ul=  .125 2= .125 n
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Fig. 12.11: S11 for 90° bend, discontinuity at centre

Geometry: > w: 25 2 15 h= 00 H=I.00 =. s=2.000 x p.000

f/GHz
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Fig. 12.12: S12 for 900 bend, discontinuity at centre
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Fig. 12.9: Sll for 900 bend, cover height 0.5 mm

Geometry: wl=  .125 w2=  . 125 h= . :00 H= .50 ;s=-2.000 
] p=2.00O
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1". 20. 30. 40. 50 Go. 20. 80. go. oo. .Ia. !20.

I [ I ii,! '

,I I p

_1_ .--  
I ,t07

4 t_ __ _ ___ __ _ -- -5i -:

.2

; r I

FR.- '.AVE CYN. MO[IE i S7HTC

Fig. 12.10: S12 for 900 bend, cover height 0.5 mm
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decreasing cover height but the influence of the coupling on the bend

frequency behavour is small.

To ensure that the package effect is part of the general behaviour of the

90°-bend discontinuity and is not due to the choice of the package dimensions

and to the position of the discontinuity in the package, additional bend

configurations were analysed. The same discontinuity was investigated as in

Figs. 12.7 and 8 for 1.00 mm cover height but with the discontinuity

displaced from the package centre by 0.2 mm in the x and y directions. The

results of the analysis are given in Figs. 12.11 and 12. From comparison

with the original bend structure it can be concluded that the discontinuity

behaviour does not depend significantly on its position in the package.

Because the quasi-static part of the bend model was developed over a

frequency range of 0-120 GHz, the basic frequency behaviour of the dynamic

model is already described. For frequencies below package mode cutoff this

portion can be used alone to describe all effects. For frequencies beyond

package mode cutoff the second part of the equivalent circuit model has an

increasing influence on the bend behaviour, with the transformer ratio

approaching N=I. The transition region as compared with other discontinuity

models is now very small. Therefore the additional factor (not needed for

the other discontinuities due to their model accuracy)

exp(-f 1 *(f-fo)/f o )

is introduced to ensure that for frequencies below cutoff the bend

discontinuity behaviour approaches that of the quasi-static. For the

transformer ratios NI, N2, M1 and M2 the improved transformer ratio is given

by
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Ndyn = N * cos fl (0.5*t*(ff o)/fo) * exp(_fi*(ff o)/fo) f~fo

Ndyn = N f~fo

Mdyn = -Ndyn

where the parameters f and f1 have been chosen identically to those

expressions developed for the microstrip gap and step discontinuity.

f = f 1.4 * fo' * (1 + exp(O.0638 * Ws/h * H/h) )*

(- 2.33 * exp(-O.33 * W s/h)

f ' = 1.0

fl = 2

Additional unsymmetrical bend configurations were analyzed to further check

the assumptions made. For two of these, the respective scattering parameters

are given in Figs. 12.13-16, the cover height being Imm.

As has been concluded from the investigations at frequencies near package

resonance, the influence of the coupling between the fundamental microstrip

modes on the feed lines and the LSM /LSM package mode on the frequency

dependency on the bend behaviour is again small. The resonance behaviour of

the scattering parameters is predicted quite well and further fine tuning is

not necessary.

In regard to the LSMo-LSM o' bidirectional coupling represented by the

transformer N3 in the dynamic equivalent model, preliminary results indicate

that the numerical values of N3 are small for frequencies below and above the

first package resonance. As such, the transformer N3 is not required for the

.211.



10, t- ..* .0 .. =2 ,O xo. 'N

4GHz

Fig 12.13 Sll unymetic 90 bed oniuato

.0 . . . .5 3.GO , . 80. 90. 100. 1 . 120.

8 _____ - I

6 "~ v - - -

I -

- -4

.HI - 20

.0L....,.. _ _ _ _ .......... _ _ _ _

FULL-WR4VE DYN. M1ODEL STRTIC

Fig. 12.13: $11 unsymmetric, 90* bend, configuration 1
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Fig. 12.14:$S12 unsymmnetric, 900 bend, configuration 1
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bend dynamic circuit model for frequencies up to and including the first

package resonance frequency and the model topology reverts to that of Fig.

5.18.

12.4. INCLUSION OF AN INCREASED FREQUENCY DEPENDENCY INTO THE STATIC CIRCUIT
MODEL

The final task in the development of the analytical formulae was to extend

the quasi-static portion equivalent circuit model to include analytic

formulae for F2 and F3. A consistent data base was generated, the bend

configurations being described by the following geometrical parameters:

h=O.lmm, H=imm, w1 = 400pm. 200pm, 100pm, 50m, 20m;

w2 /wl=l, 1.25, 1.5, 2, 4; W,= 3.2mm, 2.0,mm, 1.6mm, 1.2mm

The maximum strip width was restricted to 400 pm and the minimum strip width

to 20 pm. The data base was generated for only one cover height of H=lmm,
using packages of equal widths and lengths, the discontinuities located in

the centre of the package. The bend configurations were computed for the
frequency range 10 GHz - 120 GHz. In the final optimization and generation

of analytic formulae the frequency range was reduced for each individual

configuration to approximately the package resonance frequency (f0O.9*fre s )

for resonance frequencies below 120 GHz.

In order to use all degrees of freedom of the bend equivalent circuit model

again, the complete set of bend configurations used previously to generate

analytical formulae for Las Lb/La and C was added to this data base and the

anaytical expressions for the elements of the bend equivalent circuit model

were made subject to refitting. By this process, the basic physical

behaviour of the model was not changed, but better modelling accuracy was

obtained.
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In Table 5 (Section 12.6) the mean deviation Fmean, the maximum deviation

F maxand the relative maximum deviation Fmaxr are listed for parameters $11,

S12 and S22 for each data set. The larger maximum relative deviations are

related to the S-parameters for discontinuities of small strip widths. The

maximum absolute deviations are consequently still quite small and acceptable

for design applications.

12.5. BEND MODEL SUMMARY

A summary of the bend model formulae is given below where ZLmicrostriP and

Eeffmicrostrip are computed according to Section 4. All units are based on

MKS except where stated in the formulae.

Quasi-static Elements

* / = 2",* (f/GHz) * (h/mm) * 0.1865 * (Li + L,2)

" (w2/w1)
0  (1 - 0,0303VV1/h)

" exp ( -O.214*(w 2/wi-1) "0 07 5 1 * (Wl/h)"0.419

Li = (1 - 1.667 * exp( -0.5862*(w1/h) 1 ° 66 ) *

(1 + 0.691* exp( -3.88*(wi/h-1.2) 2 )

L2 = (1 - 1.667 * exp( -0.5862*(w2/h) 1
.

6 6 ) *

(1 -- 0.691* exp( -3.88*(w2/h-1.2)2 )

2*-*f C / S = 2 *r* (f/GHz) * (h/mm) *

(104.0*(wi/h)2.179 + 55.66*(wi/h) - 10.36*exp(-4.1*Wl/h) ) *

6.55 - 5.55*exp( -0.2022*(w2/wi-1) 0 7 1 72 ) ) *

(w2/w1).842( 1 - 0.176 * wi/h) *

exp( -0.0581*(W2/W i1)1 12  * (wl/h)-0 "5 "75

wfth La = Ls-Lb

Lb = Ls / (1 + La/Lb)

La / Lb = 0.5 *(1+ (W2/W) 
1 1 .21

1 .8w1
/h

.215.



Al ternate El ements

La' = (1 F2*(f/GHz) ) *La with La = Ls-Lb

Lb' = (1 -~F2*(f/GH7) ) * L with Lb =LS + ( La/Lb)

C' = 1 + F3*(f/GHz) ) * C

2*-, * * s n2*-,* (f/GHz) (h/mm) 0.2*(Li + L2

" (W2/Wi) 0
.
5 4 7  

(1 - 0.034*Wl/h)

" exp ( -0.0766*(w2/wi-1) 1.3 * (wi/h)- 1.4

* C /S = 
2*7r* (f/GHz) * (h/mm) *

(101.4*(W/h)2 6 + 95.51*(wi/h) - 7.873*exp(-0.638*wi/h))*

(2.72 - 1.72*exp( -0.1 155*(W2/Wi_1)0. 41

(W2/l) 0767*

exp( -0.0915*(w2/w1-1) .45 * (wi/h 030

Li ( (1 - 1.851 * exp( 43.7677* (wi/h)0 -54 )*

L.2 ( (1 - 1.851 * exp( -0.7677*(w21h) 0.54

with La=Ls -Lb

Lb =Ls 0 ( + La/Lb)

La/Lb 05(1 + (W2/WI )5,04-0,13*wl/h

and correction factors F2 and F3

F2 = 0.00181 *exp( 0.5106*(wi/H)0.7) * O.638*atafl(0.1341*(hwi)*(f/Ghz))*

( o.3o4*exp(w2/wlv*0.251 *(1 +0.21*wi/h)) + 0.815*exp(0.033*w2/wl*(l +4.93*wl/h)

F3 = 0.00235 + 0.00643*(w,/h) 2 0.00264*(wi/h)3 +~ 0.00450*(wilh) 4

*0.638*atan(O.0617*(h/wl)*(f/Ghz)) * (w2/wi) 3.37-1.95*(wi/h)-0.153*(h/w1)
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Transformer ratios NI, N2, MI, M2

Ni = Ndyn(wi)

N2 = Ndyn(W2)

M1 = -Ndyn(W1)

M2 = -Ndyn(W2)

N(wi) * COSf" ( 05*.*(f-fo)If0 ) * exp( -f*(f-f)fo ) f<fo
Ndyn (W ) N (wi) f> fo

*T CWS + of W)
N(W•) COS (Ws - Wefl(Wi))) - COS (2+)

2Ws 2Ws

Wefl(Wi Zo * h ZLmicrostriP(wI) / . micrstrip(wi)

fo = fc * 1.4 * (1 + exp(-0.0638 * Ws/h * H/h) )* (1 - 2.33 * exp(-0.33 * Ws/h))

f= 2

f
eff (LSM0 ) : Cstat ( T - _)2)

C o

witth fc o
2Ws" *'Cstat

Cr (H+h)
and cstat C , '

Z (LSM) H+h Z 0
0 01

s Vcstat - (fc/f 7

(Zo  120%Q, co = 2.9979 108 m/s)

Range of Model Validity

The 90' bend models are valid for er =12.9 within the following ranges:

dynamic and quasi-static model: 50A 4 h 4 200m

0.2 4 w/h < 4

1 4 w2/w1 < 4

12 < Ws/h < 32

5 c H/h 4 20
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where the quasi-static model is that of Fig. 12.4 and the dynamic model that

of Fig. 12.2. The quasi-static model is valid over the range 0 < f*h < 3 GHz

mm. The dynamic model using the alternate formulae in the quasi-static part

of the model is valid over 0 < f*h < 12 GHz mm, where La, Lb and C in Fig.

12.2 are replaced by La', Lb' and C'. For the dynamic model the transformer

N3 is not needed for frequencies up to and including the first package mode.

12.6. REFERENCES AND TABLES

1. Kirschning, M., Jansen, R.H. and Koster, N.H.L.: Measurement and

computer aided modelling of microstrip discontinuities by an improved

resonator method, IEEE MTT-S Digest, Boston, USA, 1983 495-497.

2. Kirschning M.: Development of models for the computer-aided design of

hybrid and monolithic microstrip circuits (in German). University of

Duisburg, W. Germany, 1984.

.218.



Table 1 :P:....... -CRECTN FACTORS

, "2 ,S ... u XF FO ZLS FC_A/B FCYCS

-;C:' .4C 2.2' .50 3.20 1.148 1.000 .805
.400 .500 3.20 .50 3.20 1.143 .820 .899
400 .60C 3.20 .50 3.20 1.179 1.151 .988
400.400 3.20 2.00 3.20 1.232 1.000 .817
.400 .500 3.20 2.00 3.20 1.227 .774 .910
4JO .600 3.20 2.00 3.20 1.263 1.048 .996
.30 .200 2.13 .50 2.13 2.786 1.000 .633
. .250 2.13 .50 2.29 1.919 .919 .811
200 .300 2.13 .50 2.13 1.767 2.091 .888
20 .400 2.13 .50 2.13 1.664 66.234 .959
.10 .600 2.13 .50 2.13 1.863 65.409 1.169
.0C .200 2.13 2.00 2.13 3.083 1.000 .621
20C .250 2.13 2.00 2.29 2.070 1.093 .813
.00 .3CC 2.13 2.00 2.13 1.604 66.059 .799
200 .400 2.13 2.00 2.13 1.706 66.193 .939
'IC .500 2.13 2.00 2.13 1.957 66.251 1.159
. cC0 1 .1.60 .50 1.60 -.731 1.000 .494
.!C 125 1.60 .50 1.60 -.916 75.157 .621
.% .150 1.60 .50 1.60 -1.084 63.984 .615

.130 .2CC 1.60 .50 1.60 -59.600 1.000 .742
.300 1.60 .50 1.60 3.983 63.401 .955

100 4C 1.60 .50 1.60 3.138 64.207 1.134
100 .500 1.60 .50 1.60 2.983 64.113 1.271

.10C .100 1.60 2.00 1.60 -.769 1.000 .499

.G .125 1.60 2.00 1.60 -1.298 168.104 .690

.100 .150 1.60 2.00 1.60 -1.122 63.987 .614

.100 .200 1.60 2.00 1.60 -60.087 1.000 .738
•00 .300 1.60 2.00 1.60 4.100 63.404 .943
.100 .400 1.60 2.00 1.60 3.200 63.716 1.126
.100 .500 1.60 2.00 1.60 3.091 64.108 1.263
.050 .050 1.60 .50 1.60 .733 1.000 .361
.050 .063 1.60 .50 1.60 .458 -.273 .520
.050 .075 1.60 .50 1.60 .316 -.210 .595
.050 .100 1.60 .50 1.60 .068 29.325 .702
.050 .150 1.60 .50 1.60 -.631 -.251 .893
.050 .200 1.60 .50 1.60 -2.098 83.304 1.073
.050 .250 1.60 .50 1.60 -6.415 58.883 1.041
.050 .050 1.60 2.00 1.60 .713 1.000 .359
.050 .063 1.60 2.00 1.60 .409 -.168 .518
.050 .075 1.60 2.00 1.60 .303 -.275 .584
.050 .100 1.60 2.00 1.60 .103 -.519 .702
.050 .150 1.60 2.00 1.60 -.696 101.325 .901

"• . - Z. i. . -Z. 8 65.958 1.078

.. -5.C90 58.381 1.030
.8 .9 1.0

c  
.375

.. . :  1.5 0 .623 190.716 .410
. . 2- 1-.23 .50 1.28 .527 .031 .506

.0-40 1.28 .50 1.28 .452 6.359 .663

.:60 1.29 .50 1.28 .321 -.017 .961

.080 i.28 .50 1.28 .!89 .076 1.235
001C 1.28 .50 1.28 .040 -. 124 1.485

.320 .020 1.28 2.00 1.28 .668 1.000 .306

.020 .025 1.28 2.00 1.60 .627 121.596 .418

.320 .030 1.28 2.00 1.28 .524 -.099 .492

.020 .040 1.28 2.00 1.28 .451 4.922 .649

.020 .060 1.28 2.00 1.28 .324 -.254 .953
.20 .080 1.28 2.00 1.28 .187 -. 141 1.207
.020 .!CC 1.28 2.00 1.28 -.014 -.124 1.498
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• 900 .010 1.z8 .50 1.28 .580 1.OCO .025
. -10 .o1o:.Z8 .50 1.60 .638 117.758 -.011
• 1 .0 5 I.s .50 1.28 .505 60.353 -.054
.00..-0 1.28 .50 1.28 .521 91.325 -.005

.,.,000 1.28 .50 1.28 .422 48.864 -.237
.C1 .040 :.28 .50 1.28 .375 37.165 -.339

-3 .050 1.28 .50 1.28 .315 -.078 -.451
.010 .010 1.28 2.00 1.28 .596 1.000 .023
-10 .013 1.28 2.00 1.60 .639 113.492 -.017
010 .015 1.28 2.00 1.28 .511 58,216 -. 053
.1. .020 1.28 Z.0 1.28 .526 78.638 -.005
.10 .030 1.28 2.00 1.28 .427 27.765 -. 240
.010 .040 1.28 2.00 1.28 .380 58.452 -. 345
.310 .050 1.28 2.00 1.28 .350 1.116 -.447

Table 2
.................................................................... --

'-'w2 Ws HP XP Sii S12 S22
Fmean Fmax Fmaxr Fmean Fmax Fmaxr Fmean Fmax Fmaxi

.4 40 3.1 .Z .2 .023 .004 .087 .008 .012 .012 .022 .004 .088
4 50 0.2 .5 3.2 .047 .014 .092 .011 .017 .017 .057 .012 .099
4 60 3.2 .5 3.2 .018 .007 .044 .011 .020 .021 .020 .008 .050

.4 .40 3.2 2.: -3.2 .026 .005 .077 .008 .021 .022 .025 .005 .077

.4 .50 3.2 2.0 3.2 .069 .018 .081 .010 .023 .024 .066 .014 .096
4 .0 3.2 2.0 3.2 .036 .014 .048 .013 .038 .040 .036 .012 .052

.2 .20 2.1 .5 2.1 .043 .005 .146 .002 .003 .003 .042 .005 .146

.2 .25 2.1 .5 2.3 .085 .018 .135 .002 .002 .002 .084 .018 .137

.2 .30 2.1 .5 2.1 .057 .019 .097 .006 .008 .008 .048 .016 .083

.2 .40 2. .: 2.1 .043 .021 .072 .011 .015 .016 .027 .013 .044

.2 .60 2.1 .5 2.1 .029 .018 .042 .009 .010 .011 .026 .017 .039

.2 .20 2.1 2.0 2.1 .055 .004 .181 .001 .002 .002 .055 .004 .181

.2 .25 2. 2.0 2.3 .059 .014 .100 .003 .008 .008 .063 .015 .111
.2 .30 2.: 2.0 2.1 .038 .013 .070 .003 .005 .005 .035 .013 .070
.2 .40 2.1 2.0 2.1 .028 .014 .046 .008 .010 .010 .019 .010 .034
•2 .60 2 ! .0 2.1 .022 .013 .029 .006 .010 .011 .023 .014 .031

S.10 1 6 5 1.6 .057 .004 .221 .002 .003 .003 .058 .004 .220
. 13 1.6 5 '.6 .086 .014 .167 .004 .005 .005 .091 .015 .174
.15 i.6 5 1.6 .062 .013 .105 .001 .002 .002 .061 .013 .104
. 20 1.6 : :.6 .036 .010 .047 .002 .003 .004 .036 .010 .047

.1 .30 i.6 5 :.6 .035 .015 .046 .006 .008 .009 .038 .017 .049
.40 1 6 . 1.6 .035 .020 .048 .008 .010 .011 .036 .021 .050

.1 .50 1 6 5 1.6 .037 .028 .056 .011 .016 .019 .034 .025 .052
S.10 ! 6 2 0 1.6 .034 .003 .103 .003 .005 .005 .035 .003 .103
. 13 1.5 2 0 1.6 .085 .012 .149 .004 .006 .006 .091 .013 .159
.15 1.6 2 0 1.6 .059 .012 .093 .001 .002 .002 .059 .012 .094
.20 1.6 2.0 1.6 .036 .009 .043 .002 .002 .002 .036 .009 .043
.30 1.6 2.0 1.6 .037 .015 .046 .005 .006 .006 .039 .016 .049

.1 .40 1.6 2.0 1.6 .036 .022 .051 .007 .009 .010 .037 .022 .051
.50 1.6 2.0 1.6 .040 .031 .063 .012 .018 .021 .035 .026 .052

.05 .050 1.6 .5 1.6 .072 .004 .480 .001 .003 .003 .072 .004 .480

.05 .063 1.6 .5 1.6 .049 .004 .091 .004 .005 .005 .046 .004 .081

.05 .075 1.6 .5 1.6 .037 .005 .063 .004 .005 .005 .030 .005 .053

.05 .100 1.6 .5 1.6 .040 .007 .048 .003 .005 .005 .034 .006 .039

.05 .150 1.6 .5 1.6 .021 .008 .030 .002 .005 .005 .018 .006 .023

.05 .200 1.6 .5 1.6 .028 .013 .037 .007 .008 .009 .016 .007 .021

.05 .250 1.6 .5 1.6 .024 .012 .029 .010 .014 .015 .011 .006 .016

.05 .050 1.6 2.0 1.6 .070 .003 .430 .001 .003 .003 .069 .003 .430

.05 .063 1.6 2.0 1.6 .041 .004 .082 .004 .005 .005 .037 .003 .074

.05 .075 1.6 2.0 1.6 .044 .005 .059 .004 .005 .005 .037 .004 .050

.05 .100 1.6 Z-1 1.6 .033 .007 .044 .002 .005 .005 .029 .006 .035

.05 .150 1.6 2.0 1.6 .020 .007 .029 .002 .004 .005 .018 .005 .020

.05 .200 1.6 2.3 1.6 .027 .011 .030 .006 .008 .009 .017 .007 .020

.05 .250 1.6 2.0 1.6 .029 .016 .039 .012 .017 .018 .011 .007 .016
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.02 .020 1.3 .5 1.3 .067 .002 .151 .002 .002 .002 .066 .002 .151

.02 .025 1.3 .5 1.6 .059 .005 .131 .002 .005 .005 .055 .005 .123

.02 .030 1.3 .5 1.3 .023 .003 .039 .001 .002 .002 .021 .002 .035

.02 .040 1.3 .5 1.3 .023 .004 .037 .003 .004 .004 .018 .003 .029

.02 .060 1.3 .5 1.3 .028 .007 .035 .008 .011 .011 .013 .003 .015

.02 .080 1.3 .5 1.3 .028 .009 .035 .012 .018 .019 .007 .003 .012

.02 .100 1.3 .5 1.3 .023 .009 .029 .016 .024 .025 .012 .008 .026

.02 .020 1.3 2.0 1.3 .037 .001 .061 .000 .001 .001 .037 .001 .061
, .. ..64 .05 .126 .002 .004 .004 .059 .005 .119

.. .018 .302 .035 .001 .002 .002 .017 .002 .031
.Z .4C .23 .004 .033 .003 .004 .004 .018 .003 .026

Z. 1.3 .027 .007 .033 .008 .011 .011 .012 .003 .014
.2 .388 1.3 2.0 ".3 .028 .010 .039 .012 .018 .019 .007 .003 .012

2 .100 -.3 Z.0 ".- .024 .011 .035 .016 .025 .026 .013 .009 .029
01 010 1.3 .5 1.3 .046 .001 .173 .000 .001 .001 .045 .001 .173

.1 .213 1.3 .5 1.6 .198 .010 .324 .005 .008 .008 .190 .010 .309

.1.215 1. .5 1.3 .163 .010 .194 .001 .004 .004 .162 .010 190

.21 .02C 1.3 .5 1.3 .028 .008 .079 .002 .003 .003 .031 .008 .079

.01 .030 1.3 .5 1.3 .014 .004 .026 .007 .010 .010 .021 .007 .046

.Ci .040 1.3 .5 1.3 .011 .004 .018 .011 .016 .016 021 .009 .045

.0' .050 1.3 .5 1.3 .016 .005 .020 .015 .021 .022 .023 .012 .050

.01 .010 1.3 Z.0 1.3 .050 .001 .270 .001 .001 .001 .050 .001 .270

.C1 .013 1.3 2.0 1.6 .216 .010 .331 .005 .007 .007 .207 .010 .318

.01 .015 1.3 2.0 1.3 .055 .009 .142 .001 .003 .003 .054 .008 .136
C .,20 1.3 2.0 1.3 .029 .008 .077 .002 .003 .003 .032 .008 .078

• .030 1.3 2.0 1.3 .014 .004 .026 .007 .010 .010 .021 .007 .046
.040 1.3 -.0 1.3 .010 .003 .016 .011 .016 .016 .021 .009 .045

. .050 1.3 2.0 1.3 .013 .004 .018 .015 .019 .020 .023 .014 .055
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Table 3

BEND 3ECMEThY OPTIMIZED CORRECTION FACTORS

W1 W2 wS HH XP F2 F3 F4 F5

.125 .125 1.00 i.00 1.00 .0064 .0083 .0000 .0000

.125 .125 1.00 1.00 1.00 .0064 .0083 .0000 .0000

..25 .125 1.00 .50 1.00 .0064 .0080 .0000 .0000

.125 .!25 1.00 .50 1.00 .0064 .0080 .0000 .0000

.125 .250 1.00 1.00 1.00 .0092 .0061 .0000 .0000

.125 .250 1.00 1.00 1.00 .0092 .0061 .0000 .0000

.125 .250 1.00 .50 1.00 .0090 .0058 .0000 .0000

.125 .250 1.00 .50 1.00 .0090 .0058 .0000 .0000

.125 .125 2.00 1.00 2.00 .0061 .0094 .0000 .0000

.125 .125 2.00 1.00 2.00 .0061 .0094 .0000 .0000

.125 .125 2.00 .50 2.00 .0062 .0089 .0000 .0000

.125 .125 2.00 .50 2.00 .0062 .0089 .0000 .0000

.125 .250 2.00 1.00 2.00 .0103 .0074 .0000 .0000

.125 .250 2.00 1.00 2.00 .0103 .0074 .0000 .0000

.125 .250 2.00 .50 2.00 .0090 .0071 .0000 .0000

.025 .250 2.00 .50 2.00 .0090 .0071 .0000 .0000

.063 .063 1.00 1.00 1.00 -. 0146 .0085 .0000 .0000

.063 .063 1.00 1.00 1.00 -. 0146 .0085 .0000 .0000

.063 .063 1.00 .50 1.00 -. 0147 .0081 .0000 .0000

.063 .063 1.00 .50 1.00 -. 0147 .0081 .0000 .0000

.063 .125 1.00 1.00 1.00 .0406 .0040 .0000 .0000

.063 .125 1.00 1.00 1.00 .0406 .0040 .0000 .0000

.063 .125 1.00 .50 1.00 .0405 .0037 .0000 .0000

.063 .125 1.00 .50 1.00 .0405 .0037 .0000 .0000

.063 .063 2.00 1.00 2.00 -. 0129 .0100 .0000 .0000

.063 .063 2.00 1.00 2.00 -. 0130 .0101 .0000 .0000

.063 .063 2.00 .50 2.00 -. 0137 .0096 .0000 .0000

.063 .125 2.00 1.00 2.00 .0392 .0051 .0000 .0000

.063 .125 2.00 1.00 2.00 .0392 .0051 .0000 .0000
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Table 4

BEND GEOMETRY OPTIMIZED CORRECTION FACTORS
-~------------------------------------------------------

W! W2 WS HH Kp F2 F3 F4 F5
----- -------------------------------------------------------

.125 .125 1.00 1.00 1.00 -.0137 .0055 .000191 .000025

.125 .125 1.00 1.00 1.00 -.0137 .0055 .000191 .000025

.125 .125 1.00 .50 1.00 -.0151 .0054 .000204 .000023
.125 .125 1.00 .50 1.00 -.0151 .0054 .000204 .000023

.125 .250 1.00 1.00 1.00 -.0174 -.0084 .000245 .00015Q

.125 .250 1.00 1.00 1.00 -.0174 -.0084 .000245 .000158

.125 .250 1.00 .50 1.00 -.0179 -.0086 .000250 .000155

.125 .250 1.00 .50 1.00 -.0179 -.0086 .000250 .000155

.125 .125 2.00 :.00 2.00 -.0096 .0048 .000150 .000045

.125 .125 2.00 1.00 2.00 -.0096 .0048 .000150 .000045
125 .125 2.00 .50 2.00 -.0101 .0049 .000157 .000037

.125 .125 2.00 .50 2.00 -.0101 .0049 .000157 .000037

.125 .250 2.00 1.00 2.00 -.0072 -.0174 .000149 .000277

.125 .250 2.00 1.00 2.00 -.0072 -.0174 .000149 .000277

.125 .250 2.00 .50 2.00 -.0165 -.0124 .000248 .000211

.125 .250 2.00 .50 2.00 -.0165 -.0124 .000248 .000211

.063 .063 1.00 1.00 1.00 -.0091 .0077 -.000051 .000007

.063 .063 1.00 1.00 1.00 -.0091 .0077 -.000051 .000007

.063 .063 1.00 .50 1.00 -.0081 .0080 -.000064 .000002

.063 .063 1.00 .50 1.00 -.0081 .0080 -.000064 .000002

.063 .125 1.00 1.00 1.00 .0033 -.0011 .000329 .000046

.263 .125 1.00 1.00 1.00 .0033 -.0011 .000329 .000046

.063 .125 1.00 .50 1.00 -.0003 -.0009 .000368 .000042

.063 .125 1.00 .50 1.00 -.0003 -.0009 .000368 .000042

.063 .063 2.00 1.00 2.00 -.0016 .0042 -.000109 .000056

.063 .063 2.00 1.00 2.00 -.0104 .0078 -.000026 .000022

.063 .063 2.00 .50 2.00 -.0112 .0065 -.000024 .000029

.063 .125 2.00 1.00 2.00 .0100 .0000 .000259 .000047

.)63 .125 2.00 1.00 2.00 .0100 .0000 .000259 .000047
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Tabl5 R*STR 7 P BEND GEOMETRYT a b l ee 5 .- ---------------------------------------- --- ------------------------ -- ------

.' . sil S12 S22
Fmean Fmax Fmnaxr Fmean Fmax Fmaxr Fmean Fmax Fmaxr

.............................................................................

- .400 .0218 .0036 .0659 .0067 .0097 .0097 .0221 .0036 .0648
.40~ .500 .0376 .3193 .0718 .0050 .0080 .0081 .0379 .0198 .0739

4 .400 .600 .0441 .0295 .0865 .0066 .0131 .0139 .0440 .0312 .0915
9 .400 .400 .0249 .0041 .0586 .0114 .0148 .0149 0258 .0040 .0578

10 .400 .500 .0487 .0218 .0793 .0102 .0133 .0138 .0380 .0197 .0718
11 .400 .600 .0471 .0327 .0944 .0089 .0145 .0155 .0438 .0309 .0890
-6 .200 .200 .0839 .0100 .0971 .0037 .0051 .0051 .0842 .0100 .0971
7 .200 .250 .0733 .0137 .0999 .0044 .0086 .008 .0709 .0126 .0941

"8 .20 .300 .0601 .0158 .0839 .0062 .0140 .0142 .0532 .0125 .0694
S.200 .400 .0487 .0200 .0688 .0089 .0210 .0219 .0362 .0120 .0446

20 .20 600 .0301 .0161 .0385 .0115 .0245 .0273 .0299 .0179 .0404
.20C 200 .0561 .0064 .0594 .0046 .0059 .0059 .0564 .0064 .0597

Z4 ZOC .250 .0490 .0091 0660 .0032 .0056 .0056 .0505 .0089 .0654
5.300 .0421 .003 .3543 .0034 .0066 .0067 .0408 .0087 .0493

26 .00 .400 .0340 .0120 .0414 .0053 .0123 .0129 .0278 .0084 .0333
2 200 .600 .0212 .0095 .0240 .0080 .0131 .0146 .0268 .0168 .0379

l0 30 .100 .0879 .0066 .1220 .0026 .0058 .0058 .0881 .0066 .1214
2 .125 0699 C092 .1076 .0026 .0065 .0066 .0680 .0088 .1030

32 .00 .150 .0549 .0110 .0859 .0040 .0094 .0094 .0514 .0098 .0767
33 00 .200 .0455 .0155 .0746 .0057 .0139 .0142 .0403 .0123 .0590
'4 "00 .300 .0432 .0247 .0739 .0096 .0210 .0223 .0352 .0163 .0488

.C .400 .0419 .0305 .0713 .0!34 .0263 .0291 .0327 .0185 .0432
-- .500 .0420 .0270 .0541 .0171 .0269 .0311 .0333 .0238 .0477
0.00 .0787 .0053 0909 .0017 .0040 .0040 .0786 .0053 .0909

. .0666 0077 0905 .0020 .0050 .0051 .0654 .0075 .0876

.150 .3525 .0095 .746 .0033 .0075 .0076 .0501 .0088 .0692

.200 .0426 .0131 .0633 .0049 .0116 .0118 .0393 .0109 .0527
41 ...303 0403 .3211 .0635 .0085 .0181 .0192 .0347 .0150 .0451
42 113 .400 .0393 .0256 .0601 .0121 .0226 .0250 .0330 .0181 .0424
43 100 .530 .0421 .0229 .0462 .0162 .0230 .0265 .0348 .0246 .0496
44 . 053 . .5 1205 .0051 .4086 .0060 .0116 .0116 .1208 .0051 .4086
45 .,50 .063 .0739 .0061 .1011 .0050 .0104 .0104 .0708 .0056 .093§
46 .250 .075 .0484 .0058 .0617 .0048 .0098 .0099 .0465 .0056 .0590

47 .050 .100 .0379 .0078 .0497 .0045 .0093 .0094 .0369 .0078 .0491

48 .050 .150 .0340 .0111 .0429 .0047 .0088 .0092 .0324 .0114 .0440
49 .350 .200 .0388 .0151 .0453 .0070 .0092 .0097 .0331 .0153 .0453
50 .350 .250 .0448 .0213 .0531 .0097 .0105 .0115 .0341 .0209 .0522
51 .050 .050 .1103 .0044 .3549 .0056 .0107 .0107 .1100 .0044 .3549
52 .050 .063 .0652 .0052 .0868 .0045 .0085 .0086 .0639 .0049 .0823
53 .050 .075 .0474 .0062 .0656 .0045 .0085 .0086 .0472 .0062 .0657

54 .:350 .100 .0376 .0077 .0493 .0049 .0085 .0086 .0366 .0079 .0501
55 .350 .150 .0343 .0105 .0406 .0042 .0075 .0078 .0331 .0112 .0431

56 .050 .200 .0366 .0148 .0440 .0058 .0068 .0072 .0324 .0158 .0468

57 .050 .250 .0496 .0247 .0619 .0107 .0139 .0151 .0362 .0225 .0564

58 .020 .020 .0454 .0009 .0902 .0042 .0079 .0079 .0461 .0009 .0902
59 .020 .025 .0401 .0030 .0719 .0045 .0082 .0083 .0331 .0023 .0554

60 .020 .030 .1283 .0087 .1340 .0036 .0079 .0079 .1300 .0089 .1341
61 .020 .040 .0743 .0098 .0867 .0049 .0092 .0093 .0734 .0094 .0828
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-.97 .099 .0592 .2138 .0737
7 .074 .0509 .0151 .0611

.051 .005 .0446 .0159 .0538

.0078 .0078 .0316 .0006 .0581
4 .079 .0079 .0362 .0021 .0510

C065 .0065 .1322 .0091 .1368
-•4. .4 .0085 .0086 .0758 .0097 .0861

7 .0095 .0097 .0593 .0126 .0676
• -- . 46 .3073 .0075 .0515 .0149 .0607
, .0047 .0055 .0057 .0469 .0172 .0585

.-)37 .0060 .0060 .0387 .0007 .1916
. .1 '097 .0097 .1213 .0052 .1615

.. 357 .0120 .0120 .1672 .0106 .2018
-09 0172 .0173 .1116 .0161 .1769

- .)145 .0146 .0826 .0183 .1199
-424 .1004 .1030 .2710 .1243 .5545

9 0060 .0060 .0336 .0010 .2762
. . .062 .0095 .0095 .1226 .0051 .16057.. .. -, .-1:5 .219-1 .-105 .0119 .0119 .1694 .0106 .2031

88 2065 0090 0170 .0170 .1128 .0160 .1763
? -.01'.3 224 .1475 3082 .0141 .0142 .0843 .0187 .1231

-.814 .364, D4'3 .1006 .1033 .2179 .1242 .5558

2 268 .0683 .0803 .0489 .0421 .0801
lo00 1 6 1 .866 3182 .0614 .0679 .0469 .0370 .0867

74 Z0 253 .:284 071 0178 .0633 .0733 .0607 .0589 .1171
75 . 2 .0199 .0207 .0439 .0326 .0767
76 .'40 .4-3 - 7 ' ,- L74 .0284 .0308 .0383 .0314 .0655
78 .0222 .0835 .0877 .0579 .0269 .0975

.lOO .- S .:be 94 -9-1 .205 .0748 .0792 '.0651 .0245 .1087
79 IC0 .150 0b 180 .0508 .0548 .0764 .0394 .1058

} .3849 .. 7.t .(3295 .0493 .0516 .1037 .1081 .1937
.. . -61 -4 778 .1296 .1545 .0437 .0362 .0618

6 .3824 .1604 .2006 .0435 .0366 .0608
13 .-S . .35 9 .126Z 0136 .0274 .0278 .0598 .0211 .1282
14 . .-8- .'999 .-293 -398 .3170 .0538 .0550 .0635 .0099 .1026

.050 . ,7 . "22 ~. 0 .2010 .0175 .0550 .0566 .0919 .0209 .1147
76 .:50 .13-0 .1.. .07D2 .2460 .0168 .0516 .0538 .1141 .0406 .1515

S...... ......114- . 60;5 601 0177 .0255 .0267 .1114 0566 1508
": 1 .0651 .140 .0392 .0555 .0654 .1016 .0613 .1371

.:5 .250 .0865 .3570 .1064 .0438 .0696 .0821 .1066 .0719 .1498
3 720 . 320. 95 .0C53 .0853 .0130 .0397 .0401 .0392 .0053 .0854

-2 .2 .2955 .7245 .16' .0162 .0542 .0548 .0539 .0086 .0701
.0 .- h . 2-2 .2z99 . 164 .0604 .0612 .1386 .0185 .1595

2 . '- .0514 .2749 .3175 .0604 .0615 .1412 .0299 .1752
-' 16 . 68C .2 .3185 .0532 .0547 .1543 .0534 .2282
.. . .6.-.. 7868 . 3022 .0202 .0591 .0617 .1495 .0693 .2411

.49 .0757 .0805 .1446 .0819 .2407

.-. - ." 52 .1208 .1326 .0520 .0557 .1349
S134- .0252 .1208 .1326 .0520 .0557 .1349
..6. .0242 .1133 .1244 .0536 .0512 .1612
.- .)242 .1133 .1244 .0536 .0512 .1612
991 .3398 .1463 .1606 .1004 .0824 .1993

S 4 997 .0398 .1463 .1606 .1004 .0824 .1993
'391 .0182 .0515 .0543 .0532 .0196 .1391

4 . . .97 .1391 .0182 .0515 .0543 .0532 .0196 .1391
5 6 29 1429 .0138 .0576 .0595 .0508 .0228 .1429

9 429 .138 .0576 .0595 .0508 .0228 .1429

. 50 .554 .0160 .0330 .0353 .1080 .0414 .1498

.-' 1 554 .0160 .0330 .0353 .1080 .0414 .1498
.-289 1752 .0140 .0535 .0552 .0668 .0289 .1752

89 750 .0140 .0535 .0552 .0668 .0289 .1752
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13. MICROSTRIP T-JUNCTION

The geometric position of the T-junction discontinuity in a package is shown

in Fig. 13.1.

_11

hl T ____ 3

-W3H-

Fig. 13.1: Microstrip T-junction in a package

The discontinuity has three feed lines leading from it to the current sources

11, 1o2 and 103 at the package edge. The package width is w = d + 1 s + x

+ w2 and its length is xp xI + x2 + 21s 9 where I s is the source region.

The equivalent circuit model of this situation is shown in Fig. 13.2.

Iq - RP ,,w -- j ....

T-unction I f "i z

SCI

Fi g. 13.2: Dynamic equivalent circuit model of T-junction in a package
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As in the other discontinuities the microstrip and LSM o mode behaviour is

represented by transmission line elements and the microstrip-LSM o mode

coupling by the transformers M1, M2, M3, NI, N2 and N3 at the discontinuity

planes as well as the sources. The transformer N4 models the bidirectional

coupling between the LSM o and LSM o' modes which are orthogonal to each other

in the package. The 6-port T-junction discontinuity is delineated in Fig.

13.2 by the reference planes RPI, RP2 and RP3. The quasi-static model is

represented in Fig. 13.2 by the 3-port blackbox.

-ld( o I - -6-dib I--
n. nb b

port I part 2

port 3

d I

Fig. 13.3: Quasi-static circuit model for the microstrip T-junction

I

A commonly used quasi-static circuit model for the T-junction discontinuity

is shown in Fig. 13.3. This equivalent circuit contains a capacitance C

representing the excess stray field in the junction region, two transformers

n a and n b taking the different characteristic impedances of the feed lines

into account and the three transmission line sections dl a' dl b and dlc for

additional phase shifts.

Analytical expressions for the symmetric T-junction discontinuity (w1 =w2 )

have been developed by Hammerstad (1), but for the non-symmetric junction
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little has been published. Thus using Hammerstad's formulae a symmetric

model was first developed.

13.1. DEVELOPMENT OF ANALYTIC FORMULAE FOR NORMALISED FREQUENCIES <3 GHz mm

13.1.1. Quasi-Static Database

A quasi-static data base was generated for the T-junction using the full wave

analysis program. The analysis frequencies were from 5 GHz to 30 GHz in

steps of 5 GHz using denormalized geometrical parameters for a substrate

height of h=O.lmm.

The package dimensions were height 2 mm, width/length Ws 
= 3.2 mm, 2.1 awn,

1.0 mm, 1.24 mm and 0.64 mm. The positions of strip 1 and strip 2 were

fixed to the centre of the package (Xm=0.5*Ws). The position of strip 3 was

also fixed to the centre of the package (d+w2/2=Is+W2/2+x 3), with respect to

the other sidewall.

The widths of the feed lines of the T-junction discontinuity analyzed for the

quasi-static data base were:

w1 = 200pm, 1OOpm, 50pm, 20pm, 10m

w2/W1 = 0.25, 0.5, 0.8, 1, 1.25,' 1.5, 2, 4, (w max=200M), and

w3/w= 1, 1.5, 2, 3, 4, 5 (w max=200Pm).

From all three possible combinations a subset of 179 different T-junction

configurations was analysed. In the analysis, strip width ratios w2/w 1 =8 and

w3/w, were studied only for narrow strips since for wide strips these ratios

would result in absolute widths approaching the package width. Configura-

tions having feed lines of w2>200pm or w3 200m were not considered in the

development, since they are rarely used in MMIC design work.
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As for the bend discontinuity the high amount of CPU time that was spent for

the T-junction analysis did not allow intensive convergence checks to be

made. However, from working with the analysis program it can be concluded

that the accuracy is in the same order of magnitude as for the other discon-

tinuities. This means that for T-junction configurations with narrow feed

lines the numerical accuracy is about 5% and better for wide strips. This

data base was fitted to the above outlined equivalent circuit model. The

capacitance C was fitted using the correction factor FC BT, the transformers

using the correction factors FC _TRA and FC TRB and the transmission line

sections using the correction factors FCDLA, FCDLB and FCDLC for ports 1,

2 and 3, respectively. These factors were derived by first fitting the

S-parameters of the circuit model to the numerical data base results.

Functions were then derived to fit these factors.

13.1.2. Analytic Formulae for the Symmetric T-junction

A subset of the total quasi-static data base was used to create a reduced

symmetric T-junction data base. The above procedure was used to derive

analytic formulae for the symmetric T-junction. These formulae are:

2*r*f* C S= BT* 2.606* (1 + BT) DL / a2 /ZLc * Waeff a

Wceff

na = V 1 - atan( , * FC (-0.0523*(ZLa/ZLc) 2 + (0.8932 - dlc/wa eff) 2)

dic = (0.521 - 1.075 * atan(RZ) *dIe' ) * waenf

dlc' = 0.0598 + 0.780 * exp( -1.742*atan(RZ)

-3.143 * FC * atan(RZ) - 0.3874*In(1.075*atan(RZ)

dia 0.0446 * ZLa /ZLc *(1 - 2 * ZLa / ZLc * FC )wCeff

with

BT (O.301*n(RZ) + 13.81*RZ*FC - 4.784*exp(-1.710*RZ) -
11.498*(ZLC/Zo) 2
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DL = O.0494*RZ*(1-2*RZ*FC) * Wceff

RZ = ZLa /ZLc

FC = atan ( ( 2.375 * h/mm * f/GHz / (ZL/fl))2

where ZLa and ZL are the characteristic impedances, pa is the propagation

constant, wa eff and w e are the effective widths of the feed lines, a is

related to ports I and 2 and c to port 3. The units are MKS except where

stated in the formulae.

The mean deviation F the maximum deviation F and the relative maximummean ' max
deviation F are listed in Table I (Section 13.6) for each data set formaxr
parameters S1I, S13, S33 and S12. The overall deviations of all evaluated

data are:

S11=S22: Fmean = 2.22%, Fmax = 0.065, Fmaxr = 15.2%

S13=S23: Fmean = 0.93%, Fmax = 0.039, Fmaxr = 5.81%

S33: Fmean = 2.96%, Fmax = 0.042, Fmaxr = 30.5%

S12: Fmean 1.24%, Fmax = 0.064, Fmaxr =11.1%

The values of Fm axr are listed for completeness. They refer to reasonably

small Fmax giving an indication of the approximation quality.

13.1.3. Analytic Formulae for the General T-Junction

The data base was used again to fit the numerical data sets to the equivalent

circuit model using modified transformer ratios for the non symmetric case.
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From the base expressions used for the symmetrical T-junction configurations,

the correction factors for the transformer ratios were found to be nearly

equal to the value of 1, but the other correction factors showed that the

start expressions do not provide a good representation for the general

T-junction discontinuity. The first modification of the expressions

developed for the symmetrical T-junction, therefore, was to multiply each of

the formulae with correction expressions that take the dependency on the

difference in the widths of the feed lines into account. However, the

accuracy achieved by these expressions was still not sufficient. Therefore

in subsequent steps each expression in total was optimised by using the same

mathematically structured formulae but fitting the parameters of the formulae

in an optimisation. The final analytic formulae for the general T-junction

are:

2*-*f*C/S BT * 1.778* (1 + BT )*DL / na / nb / ZL *

a + 0 b w a,.f + Wbeff

2 2*wCeff

(1 + 0.106 * (w2/w-1) ( -0
2 7 4 (1+0.11*(w 3/Wl) 0 90 1 )

na = \ 1 - atan( - * FCA * (0.404*(ZLa/ZLC) 2 + (1.257 - dlc/Waoff) 2) )

nb = V 1 - atan( - * FCB * (0.404*(ZLb/ZLC) 2 + (1.257 - dlc/Wbeff) 2 ) )

wa,. + wbeof
die ( 0.4-53 - 1.17 * atan(RZ) *dIc' ) *

2

1 + .011 (2/W -l)(1.5885"(1 +0.07152*(wj/h) 1-13 9)
(1! + 0.0131 * (wa/i-1)

dIc' = -0.03147 + 0.578 * exp( -1.05*atan(RZ) )

-13.63*FC*atan(RZ) - 0.2041 *In(1.17*atan(RZ))

dia 0.024 * ZLa / ZLc*(1 2 * ZLa / ZLc * FCA)* wceff *
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(1 0.298 * (w2i1-1)(2
.37 6 (l 0 .19 1 (w 3/w 1)l 3875)

dlb 0.024 * ZLb /ZLc * ( 1 -2 * ZLb / ZLc * FCB ) * Wceff *
(2.63"( + .248*(w/w21.878)

(1 - 2.587 * (1-w1/W2) (2.603*() +0.2484*(W3/W2)

with

BT (5.091*In(RZ) +22.22*RZ*FC + 19.23*exp(-7.938*RZ) -

15.22*(ZLS/Zo) 2 )

DL 0.01844*RZ*(1-2*RZ*FC) * wCeff

RZ VZLa *Lb /ZLc

FC \VFCA *FCB

FCA atan ( ( 0.9941 * h/mm * f/GHz / (ZL/0) )2

FCB = atan ( ( 0.9941 * h/mm * f/GHz / (ZLb/) )2 )

whreZa Zb c
where ZLa, ZL and ZL are the characteristic impedances of the feed lines

0a and pb are the propagation constants of the feed lines, waef f , wbef f and

wc eff are the effective widths of the feed lines for ports 1, 2 and 3

respectively. The units are MKS except where stated. These expressions have

been generated for w2>w .

In Table 2 (Section 13.6) for each data set the mean deviation Fmean , the

maximum deviation Fmax and the relative maximum deviation Fmaxr are listed

for parameters SI, S22, S33, S12, S13 and S23. The overall deviations are:

S11: F = 2.65%, F = 0.065, F = 16.7%mean max maxr
S22: Fmean = 3.53%, Fmax = 0.064, Fmaxr = 24.7%

S33: Fmean = 2.25%, Fma x = 0.053, Fmaxr = 15.8%
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S12: Fmean = 0.87%, Fmax = 0.061, Fmaxr = 10.7%

$13: F mean = 1.10%, Fmax = 0.038, Fmaxr = 5.82%

S23: F mean = 1.14%, Fmax = 0.034, Fmaxr 5.00%

Again, the remark on Fmaxr and Fmax applies as for the symmetric T-junction.

13.2. DEVELOPMENT OF ANALYTIC FORMULAE FOR NORMALISED FREQUENCIES <12GHznm

As in the investigations on the microstrip 90°-bend discontinuity a dynamic

correction in addition to parasitic package effects was found to be useful in

obtaining a good model accuracy for high frequencies. Therefore, configura-

tions were analysed for frequencies up to 120 GHz, chosen to ensure that

within the frequency range all package modes were below cut-off.

The results in Figs. 13.4 and 5 show the magnitude and phase of parameter S12

for two analysed configurations. The numerically computed full-wave data are

shown together with the results of two different discontinuity descriptions.

For both, Fig. 13.2 represents the applied equivalent circuit model. The

dotted curves marked 'LOW FREQ' use the analytic expressions for frequencies

up to 30 GHz. The dashed curves show scattering parameter S12 using a

computation based on the same equivalent circuit model but using optimised

correction factors FC BT, FC TRA FC TRB, FC DLA, FC OLS and FCDLB for the

model elements. From these results it can be concluded that the equivalent

circuit model topology is also suitable for predicting the frequency

dependent T-junction discontinuity behaviour for the higher frequency.

13.2.1. Study of T-junction Package Dynamic Behaviour

The numerical analysis of T-junction configurations requires relatively large

CPU times. Therefore, before starting the generation of a supplementary data

base for the frequency range up to 120 GHz with packages all below cut-off,
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Geometry: w- .050 .050 .083 h= .100 H=1.00 Ws=1.067 xp= .800

f,'GHz

10. 20. 30. 40. 50. 60. 70. 80. 90. 100. 110. 120.Istal L- - - -, - F --- - L - -- --4 --- E ! ! ! , , s

.63 4.__ _ _ __ _ __ _ __ _ _ _ _

S I I
.G2 2 .--- ,

.50 -_ _ _2.

.57 -d.__

.S I + -8o.
.55 .......... .. ....... -

Fig. 13.4: S12 for T-junction model, configuration 1
Geometry: w- .100 .025 .100 h= .100 H=1.00 s=1.600 xp= .800

f/GHz

10. 20. 30. 40. 50. 60. 70. 80. 90. 100. 110.

5 .- .- 4.

S 2.

. -- , .-- 40.

.52 - -_- . ,

.44 -S .1 |

FULL-WRVE DYN. MODEL LOW FREQ.

Fig. 13.5: S12 for T-junction model, configuration 2
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some useful precomputations were done with the aim of restricting the size of

this data base.

The data bases for the generation of equivalent circuit models for the open

end, gap and step discontinuities contain discontinuity configurations of
different cover heights. The investigation of the 900 -bend discontinuity
showed that for this discontinuity the cover height has only a minor

influence on the frequency dependent behaviour, for heights in the range of

technical interest. The results of Figs. 13.6-9 show the magnitude and phase

of scattering parameters S13 and S11 of a T-junction configuration for two
different cover heights of H = 0.5 mm and H = 1 ram. The two sets of

scattering parameters give similar frequency dependent behaviour. For large

cover heights, the influence of the cover plate decreases further and for

smaller cover heights are not of technical interest for circuit development.

Therefore it can be concluded that the inclusion of different cover heights

in the supplementary data base does not strongly affect the analytic

expressions for frequencies below the package mode cut-off.

In general, the frequency dependent dynamic behaviour of the T-junction

discontinuity depends on package effects and/or less pronounced dynamic

effects related to the discontinuities themselves. Package effects are

considerable only near or above the cut-off of the dominant parasitic package

mode. To demonstrate this a symmetric T-junction configuration of strip

width w, = w2 = 50Am, w3 = 25pm was analysed for different positions in the

package. The results for parameter S12 are shown for the following
positions: x, = 0.5*xp, x 3 = 0.5*Ws; xi = 0.5*xp, x3 = 0.65*W s; x 1 :

0.65*xp, x3 = 0.5*Ws; and x1 = 0.65*xp, x 3 = 0.65*Ws in Figs. 13.10-13

respectively.

The maximum deviation as a function of the discontinuity position in the

package is less than 0.01 for the magnitude of parameter S12 and less than 10

.235.



Geometry: w= .052 .025 .100J h= .100 H".00 s= .800 xp= .800

f'GHz

10. 20. 3 0. 4 0. 50. GO. 0. 80. 90. 100. 110. 120.

SIL

.38 , _.15

180.

.36 ----

.135

.32 ________ -________

l! 160.

i ; i -- 155 .

28 150.

FULL-WRVE

Fig. 13.6: S13 for T-junction: cover height 0.5 m

Geometry: w= .050 .025 .100 h
= .100 H= .52 ws

= .800 xp= .800

f,'GHz

10. 20. 30. 40. 50. 60. 70. 80. 50. 100. 110. 120.
JSilI I I -l

185.

.38

183.

.34 l1/ "

.. 165.

•.32 4' I :I. 1 -

, t , ' I4-- 0 .

* L.. 155.
, I I

.2 I I

_______________ __-- .-- 150.

FULL-WAVE

Fig. 13.7: SIl for T-junction: cover height 0.5 mm
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eomtetr)': w= -05 .k 2S -dJ50 h =  .100 H=  .52 =  .80lJ xp= . J

f/GHz

.3. 20. 30. 40. 50. 60. 70. 80. 90. 100. 11w. - 3.

.i8 
8.

.66

.64 
4

.62 -<2.

.60 
0.

.58 
2

.56 
-4.

.54 
- .

FULL-WAVE

Fig. 13.8: S13 for T-junction: cover height 1.0 mm

Geometry: w- .058 .825 .050 h= .180 H=1.8 Ws- .888 xp- .888

f/GHz

10. 20. 38. 48. 50. G . 78. 88. 98. 108. 1.8. 120.
ISIIS' - i .,Sl

8 i i8.
Isl I

.64 ~ -4.

.62 _ 
2.

.60________ 
0.

SI I

.56 -4. _ __

__ _ _ __ _ _ __ _ _ __ _ _ __ _ _ __ _ _ -6.
.54

FULL-WRVE

Fig. 13.9: SIl for T-junction: cover height 1.0 mm
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Geometry: w= .050 .025 .050 h= .120 H=1.00 'As= .802 xp= .800

f/'GHz
.~. 71 30. 40. 50. GO. . 80. 90. 12. 110. 128.

.78 __ _ _ - 3.

.74 __ _ _ _-.3.

-13.

.64 ____15________

FULL-WRVE

Fig. 13.10: S12 for T-junction, first position

Geometry: w- .050 .025 .050 h- .100 H=1.00 Ws- .800 xp- .800

f /GHZ

I 18. 0 20. 38. 48. 58. 60. 78. 80. 98. 188. 118. 120.r95l

.74 ~ -- 3.

.72 _ _ _ _ _ _ _ _ _ _ _ _ -5.

.70 ___________- -8.

.68 _________i~- -18.

.64 ______________________. . 5.

-FULL-WRVE

Fig. 13.11: S12 for T-junction, second position
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Geometry: w- .050 .025 .050 h=  .100 H=1.00 Ws= .800 xp- .800

f/GHz

10. 20. 30. 40. 50. 60. 70. 80. 90. 100. 110. 120.

.76 0___ ., ; _ _ _ _._ _ 0.

.74 '--3.

.72 ____________________I-.

78 I -8.

.70 ,'' -a.

______________________________________________ -13.

.64 , -15.

FULL-WRVE

Fig. 13.12: S12 for T-junction, third position

Geometry: w- .050 .025 .050 h= .100 H=1.00 Ws= .800 xq= .80

f/GHz
10. 20. 30. 42. 50. 62. 70. 80. 92. 10 . 110. 120.

Isl~ i iI I _ 3 .

.74 -3.___

.72-

.___-'_ 8.4-

.68

.66

.64 if -_ _ _ L1 -15.
zUJLL-WRVE

Fig. 13.13: S12 for T-junction, fourth position
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for the phase. This deviation may also be caused by different degrees of

convergence in the numerical analysis due to different lengths of the feed

lines. As a result of this investigation, it can be concluded that the

dynamic behaviour of the T-junction discontinuity is related to the

discontinuity structure itself and not to the package, as long as the package

dimensiors are not too close to the T-junction and the frequency is far

enough below the package mode cut-off frequency.

13.2.2. Analytic formulae for the symmetric T-junction

As for the quasi-static expressions for the T-junction equivalent circuit

model, a first set of analytic formulae was developed to describe the

symmetric T-junction discontinuity. A subset of 17 discontinuity

configurations was chosen in addition and based on this supplementary data

base the following expressions were obtained on fitting the 3-port scattering

parameters of the equivalent circuit model to the full-wave data base

results. The following formulae were obtained:

2*-*f* C /S BT* 0.186* (1 + BT )*DL/na 2 / ZLC Waff a

wCf

na' = \ 1 - atan( = * FC * (O.093*(ZLa/ZLc) 2 + (0.5 - dlc/Waeff) 2)

na na' - 0.00027*(w2/h)l 2 * f/GHz

dIc = ( 0.479 - 1.029 * atan(RZ) *dc' ) * Waeff *

exp(O.1105*w3/h) * exp(O.111 l*wl/h)

dIc' = 0.00759 + 0.8294 * exp( -1.698*atan(RZ) ) +

0.0884 * FC * atan(RZ) - 0.360*In(1.029*atan(RZ)

dla = 0.0292 * ZLa /ZLc * (12 * ZLa / ZLc * FC wCeff *

(1 - exp(-6.264*wj/h) ) * exp(O.3136*w3/h)
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with

BT (32.309*In(RZ) 44.323*RZ*FC - 12.130*exp(-1.169*RZ) -

98.448-(ZLC/Zo)
2

DL O.0399*RZ*(1-2*RZ*FC) * wCeff

RZ = ZLa /ZLc

FC = atan ( ( 3.167 * h/mm * f/GHz / (ZLa/,) )2

where ZLa and ZL  are the characteristic impedances, a is the propagationaLc

constant and w eff and w ceff are the effective widths of the feed lines.
Note that ports 1 and 2 are related to a and port 3 to c, the units being MKS

except where stated in the formulae.

In Table 3 (Section 13.6) for each data set the mean deviation Fmean, the

maximum deviation F and the relative maximum deviation F are listedmax max r

for parameters S11, S13, S33, S12, S23 and S22. The overall deviations

considering all data sets are:

S11=S22: F mean = 2.77%, Fmax = 0.047, Fmaxr = 13.6%

S13=S23: Fmean = 1.38%, Fmax = 0.068, Fmaxr = 10.3%

S33: F mean = 3.72%, Fmax = 0.080, Fmaxr = 23.2%

S12: F mean = 1.11%, Fmax = 0.027, Fmaxr = 4.81%

Again the relatively large Fmaxr values are not meaningful for considering

design accuracy, because they are associated with small Fm ax values.

13.2.3. Analytic formulae for the general T-junction

A subset of 46 discontinuity configurations was chosen from all possible

combinations of geometry parameter sets and used to generate the following
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expressions by fitting the scattering parameters of the equivalent circuit

model to the full wave data base results;

2*1*f *CIS= BT *0.202 (1 + BT)*DL/ na'/ nb/ZLC

2 2*Woeft

na' V\ 1 -atan( *FCA * (0.11?*(ZLaZLC) 2 + (0.5 _ dIC/Wa.ff) 2)

-a na' -0.00063*(w2Ih) 1 02 * f/GHz

b \V 1 -atan( 7r * FOB * (0. 112*(ZL b/ZLC)2 + (0.5 - dlc/Wb~ff)2)

flb =nb - 0.00063*(w2Ih) 102 * f/GHz *(w1/w2 
2 .3

dic = 0.477 - 0.9985 *atan(RZ) *dIC' 2 as +~e

exp(O.0360*w31h) *exp(0. 1475*w1 Ih)

dIc' = 0.00567 + 0.8159 * exp( -1.696*atan(RZ) ) +

0.0908 *FC * atan(RZ) - 0.342*In(O.9985*atan(RZ)

dia 0 .0185 *ZL a/ZLc *(1 -2 *ZLa/ ZLc *FCA)*wcft

( 1 - exp(-1O.15*w1/h) )* exp(0.4830*w3/h)

dib 0.0185* ZL/ ZLc- 1 -2 *ZL b /ZLc * FCB)*wcff

(1 - exp(-10.15*w2/h) )* exp(0.4830*walh)

wfth

BT = 26.021*n(AZ) + 54.639*RZ*FC - 6.856*exp(-1.333*RZ)-

98.143*(ZL c/Zo) 2

DL = 0.0401 *RZ*(1 .2*RZ*FC) * c,

RZ = \ZLa*Zb /ZLc

FO = \FCA *FOB

FCA = atan ( (2.711 * h/mm * ffGHz / (ZL a/,l) )2

FOB = atan ((2.711 *h/mm *f/GHz (ZL b/0))2
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whr Z Zb an a bwhere Z La, ZLb and ZL are the characteristic impedances, p and p are the

propagation constants, and w eff' w eff and w eff are the effective widths

of the feed lines. Note that ports 1, 2 and 3 are again related to the feed

lines a, b and c, the units being MKS except where stated. Again the

formulae have been generated for w2>w .

In Table 4 (Section 13.6) for each data set the mean deviation F mean, the

maximum deviation Fma x and the relative maximum deviation Fmaxr are listed

for parameters S1I, S13, $33, S12, S23 and S22. The overall deviations

considering all evaluated data sets are:

SII: F mean = 3.51%, Fmax = 0.077, Fmaxr : 18.6%

$22: F mean = 4.26%, Fmax = 0.033, Fmaxr = 38.9%

S33: F mean =3.94%, Fmax = 0.083, Fmaxr = 18.8%

S12: F mean = 1.23%, Fmax = 0.047, Fmaxr = 6.58%

S13: F mean = 1.55%, Fmax = 0.059, Fmaxr : 9.66%
$23: Fmean = 1.70%, Fmax = 0.065, Fmaxr = 9.51%

The application of the final analytic formulae shows relatively large Fmaxr

deviations for some discontinuity configurations. However the respective

absolute deviations listed in Tables 3 and 4 are at the same time

sufficiently small. Considering the wide range of validity of the analytic

formulae (0 4 f*h 4 12 GHz*mm) the final expressions above provide a great

improvement on other published T-juction equivalent circuit models.

13.3. DEVELOPMENT OF THE TRANSFORMER RATIO EXPRESSIONS

To check the package resonance effect dependency on the choice of the package

dimensions and on the position of the discontinuity in a package, several

T-junction configurations were analysed. For simplicity cases with the same

feed line widths but different discontinuity positions in the package and

different package dimensions were used. The results show parameters S11, S12
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and S13 for the following T-junction positions and package dimensions;

package width: 1.54mm; package length: 1.92mm, xl = 0.93mm, x2 = 0.98mm, x3 =

0.93mm (Figs. 13.14-16); package width: 1.92mm; package length: 1.92mm xl =

0.93mm, x2 = 0.99mm, x3 = 0.93mm (Figs. 13.17-19). These results were

computed using the correction factors given in the title of the respective

resultant plots. As can be seen the resonance behaviour was found to be well

predicted.

The dynamic transformer ratio

N * cos f l (0.5*i*(f-fo)/f o ) * exp(-f 1 *(-fo)/f o ) f<fo
Ndyrn N f fo

Mdyn -Ndyn

were introduced into the T-junction model (Fig. 13.2) for the transformers

NI, N2, N3, Ml, M2 and M3. fo and fl are described identically by those

expressions developed for the other discontinuities.

fo f c * 1.4 * fo * (1 + exp(-0.0638 * Ws/h * H/h) )* (I - 2.33 * exp(-0.33
SWs /h))

fo = 1.0

fl= 2

Refinement of the transformer ratio expressions were done by analysing
T-junction configurations situated with in packages having dimensions that

cause a package resonance at frequencies below 120 GHz. The formulae

accuracy is shown by the results given in Figs. 13.14-19.

In the T-junction equivalent circuit model, the transformer N4 describes the

LSMo/LSMo' mode orthogonal excitation similar to transformer N3 in
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Geometry: w= .120 .060 .!20 h= .100 H= .50 As=1.536 xp=!.920
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Fig. 13.14: Sll for T-junction, first position
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Geometry: w- .120 .060 .120 h=~ .100 H .50 Ws-'.536 xp 1.92 0

f .GHz
10. 20. 30. 40. 50. 60. ?0. B0. 90. 102. 110. 120. 130.

Islal ------ 4-.--4 ~'S3
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Fig. 13.16: S13 for T-junction, first position
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Fig. 13.17: Sil for T-junction, second position
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Geo met ry: wu ,20 .060 20 h= .10 t -il .SO W.1 .920 xp=1 . 520

, GHz
!0. 20. 30. 40. 50. SO. ?0. RO. 50. 00O. 10. 120.

.6 ... -20.

.2 jf... L __

FULL-WRVE- DYN. MODEL

Fig. 13.18: S12 for T-junction, second position
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Fig. 13.19: S13 for T-junction, second position
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the 900-bend discontinuity model. Preliminary investigations on the

transformer N4 for the T-junction showed that the numerical value was again

very small (N4 = 0.001 for all computations). However it could not be

neglected as in the 900 bend, because it was found that a small non-zero

transformer ratio was necessary to match the two slightly different resonance

frequencies of both orthogonal LSMo/LSMo ' package modes into a single

resonance.

13.4. VERIFICATION OF THE T-JUNCTION ANALYTIC FORMULAE

The refined model expressions for the T-junction discontinuity are given in

the summary. These formulae were used also to analyse some additional

T-junction configurations for final model verification. Due to the amount of

CPU time necessary for accurate numerical computations this was done for only

a small data base of 15 different T-junction configurations. For a high

number of frequencies (up to 40) the respective configurations were computed

to show clearly the resonance behaviour. For an example T-junction configur-

ation, the S11, S12 and S13 magnitude and phase generated by the dynamic

equivalent circuit model are plotted in Figs. 13.20-22 together with the

data base results. As can be seen the results show good agreement between

the predicted discontinuity behaviour and the numerically computed full-wave

results.

13.5. T-JUNCTION MODEL SUMMARY

In this section, the microstrip T-junction formulae are summarised , where

Lmicrostrip and eeffmicrostrip are computed according to procedures in

Section 4. For the unsymmetric T-junction the formulae have been derived for
w2 >w . All units are MKS except where stated otherwise in the formulae.
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Fig. 13.20: $11 for T-junction, model verification
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Fig. 13.21: S12 for T-junction, model verification
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Fig. 13.22: $13 for T-junction, model verification
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Quasi-static formulae for the symmetric T-junction

2lrf*C/S BT *2.6*( + BT) DL! /fa 2 /ZLC .W~ff a

fla =V 1 -atan( FC - (-0.0523 (ZOaIZLC) 2 + (0.8932 - dc/wa f) 2

dI ~ = 0.521 -1.075 *atan(RZ) *dlc ) * Waeff

dI&' 0.0598 + 0.780 * exp( -1.742*atan(RZ)

-3.143 *FC *atan(RZ) - O.3874*In(l.075*atan(RZ)

dia = 0.0446 *ZLaZLC (2 *ZL a/ZLc *FC )Wcff

with

BT = (0.301*In(RZ) + 13.81-RZ-FC 4.784*exp(-1.710*RZ)-
11.498*(ZLC/Zt4 2

DL = 0.0494*RZ*(1-2*RZ*FC) * wceff

RZ =ZL a ZLc

FC = atan ((2.375 * h/mm * f/GHz I(ZL a,,,) )2
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Quasi-static formulae for the general T-junction

2zf *C S BT *1.778 (1 +r ST)OL fl/f&Ib/ZC
a D w a et + Wb.n

2 2*wcefl

1 + 0.106 (w2/W1-1)~ (04(l +0.11*(W3w1)OSO'1

a \f1 Iatarl( * FCA * (o.404(ZLaIZLC) + (1.2S7 - dI.i'eft)2)

lb V \ 1. atan( * FCB *(O.404*(ZL bZLC)2 + (1.257 -die/w'ef) 2)

dic (0.453 - 1.17 * alan(RZ) *dic )- 2 ______

(1 -, 0.0131 * (W2/W-1) 0 712 wih1-3

dic' = -0.03147 +~ 0.578 exp( .1.05*atan(RZ))

-13.63 FC *atan(RZ) -0.2041fln(,.17*atal(RZ))

dn0.024 *ZL a/ZLC *( 1 -2 ZLa /ZLc*FCA) * weff

( 1 -0.298 *(w2wi-1) .7*10.9*w/j) 85

dib 0.024 *ZLbZLc( 1 -2 *ZL bf/ZL * FC ) *wefl

(1I 2.587 (1.W1/W2) (2.603*(l +O.2484*(w3lw2)',6
8 )

wfth

BT = ( 5.091*in(RZ) +22.22*RZ*FC + 19.23*exp(-7.938*RZ)-

15.22* (ZL.ZO) 2

DL 0.01844*RZ*(1.2*RZ*FC) wof

RZ \ZL a ZLb IZLC

FC = /FCA -FCB

FCA atan ( (0.9941 *h/mm *f/GHz / ROM/f)

FC8 atan ( (0.9941 *h/mm *f/GHz / (ZL b/fZ) )2
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Al ternate formulae for the symmetric T-j unction

2*. f* C /S ST *0.186 (1+ BT )*DL/ fla' 2 / ZLC * WCff a

na' V \I atan( *FC * (0.093*(Za/ZLC 2 + (0,5 - dlc/waeff)2)

fla fla' 0.00027*(w2Jh) 12 * f/GHz

dl, 0.479 - 1.0l29 * atan(RZ) *d1c )*waef *

exp(0.1 105*w3Ih) *exp(0.1 181 *wi/h)

dic' = 0.00759 + 0.8294 *exp( -1 .698*atan(RZ) ) +

0.0884 *FC *atan(RZ) - Q.360*In(1 .029*atan(RZ)

dia 0 .0292 *ZLaZLc 1 2*-ZLa /ZLc *FC )wcff

1 - exp(-6.264*wi/h) )*exp(0.3136*w3Ih)

wfth

BT = (32.309fln(RZ) + 44,323*RZ*FC - 12.130*exp(-1.169*RZ)

98.448*(ZL/Z) 2

DL = 0.0399*RZ*(1-2*RZ*FC) *WCetf

RZ =ZL a/ZLC

FC = atan ((3.167 * h/mm *f/GHz / (ZL a/,,) )2

.253.



Al ternate formulae for the general T-j unction

2* m*f *CIS BT *0.202 (1 + BT ) *DL /fla'/lb/ZLC
a b wa f+Wbf

2 2*wCtff

fla'\ 1- atan( .~*FCA * (0. 112*ZLaZLC) 2 + (0.5 - dicew*.ff)2 ))

na na' 0 .00063*(w2/h)l 02 * f/GHz

nb' ~ \/ 1 -atan( -, * FCB * (0.112*(ZL b/ZLc )2 + (0.5 - dlc/Wb~tf)2)

flb flb' - .00063*(w2/h)l.02 ,f/GHz *(Wl/W2) 2 .3

dic = (0.477 - 0.9985 *atan(RZ) *dlc' ) * ______+______

2

exP(0.0360*w3/h) *exp(O.1475*wl/h)

d~c' = 0.00567 + 0.8159 * exp( -1 696*atan(RZ) )+

0.0908 PC * atan(RZ) - 0.342*In(0.9985*atan(RZ)

dia 0 .185 *ZLaZLc *(1 2 *ZL a/ZLc *FCA)*wcff

( 1 - exp(-1O.15*wl/h) )*exp(0.4830*w3/h)

dlb = 0.0185 *ZL b/ ZLc *(1 2 *ZL b/ ZL *FCB*wcff

1 - exp(-10.15*w2/h) )*exp(0.4830*w3/h)

wfth

BT = 26.021*ln(RZ) + 54.639*RZ*FC -6.856*exp(-1.333*RZ)

98.143*(ZLc/ZO) 2

DL = 0.0401*RZ*(1-2*RZ*FC) * wcetf

RZ /ZL a *~b /ZLC

FC = \FCA FCB

FCA = atan ( (2.711 * h/mm * f/GHz / (ZLa/0l) )2

FCB = atan ( (2.711 * h/mm * f/GHz / (ZL b/fl) )2
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s a b a b
where Z Z and Z are the characteristic impedances lines, and p and p

s a b
are the propagation constants, w eff' w eff and w eff are the effective

widths of the feed lines. Note that ports 1, 2 and 3 are related to the feed

lines a, b and c.

Transformer ratios N1, N2, N3, N4, MI, M2, M3

NI = Ndyn(wl)

N2 = Ndyn(W2)

N3 = Ndvn(W 3)
N4 = 0.001

MI = -Ndyn(wl)

M2 = -Ndyn(w2)

M3 = -Ndyn(w3)

Ndyn w,) =N(wi) * cos" ( 0.5*-.*(f-f0)/f0 ) * exp( -f*(f-f0)/fo ) f<fo

N(wi) f > fo
N~w 4./, * OS(WS + Weff (WO))

W =4.8/r * ( cos ( * - Weff(wi)) ) - COS ( 2Ws

Wff(WI) = wff = Zo * h / ZLk(Wi) / V Eeffk(wi)

fo = fc* 1.4" (1 + exp(-0.0638 * Wsh " H/h) )* (1 - 2.33 * exp(-0.33* Wslh))

fi = 2

Ceff (LSM0) = stat ( - (T)2)

C
wi th = 0

2Ws. /Estat

ar (H+h)

and Estat = F ,

(LSM H+h zo 1

ZL stat gel (fC/f)

(zo = 120no, co = 2.9979 10 m/s)
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Transmission lines LSM,3 , LMS'

In the above formulae the LSM0 3, LSM' 0 3 characteristics should be derived

with the package length xp instead of the width Ws -

Range of Model Validity

The validity range of the T-junction models for a GaAs dielectric constant =

12.9, is:

quasi-static model: 50pm < h < 200 irm

0.1 < w/h 4 2

0.25 < w2/wl < 4 (w2/h max = 2)

1 < w3/wl < 5 (w3/h max = 2)

6.4 < Ws/h < 32

5 < H/h 4 20

dynamic model: 0.1 4 w/h < 2

0.25 < w2/wl 4 4 (w2/h max = 2)

1 < w3/wl < 4 (w3/h max = 2)

6.4 < Ws/h < 32

5 < H/h < 20

where the quasi-static model is described by Fig. 13.3 and the dynamic model

by Fig. 13.2 between the reference planes RPI, RP2 and RP3. The quasi-static

model is valid for the range 0 < f*h < 3 GHz mm. The dynamic model using the

alternate expressions in the quasi-static part of the model is valid for the

range 0 < f*h < 12 GHz.

13.6. REFERENCES AND TABLES

I. Hammerstad, E.O., IEEE MTT-S Digest, Los Angeles, 1981, 54-55.
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Table 1

W1 W2 W3
Sil S13 S33

Fmean, Fmax, Fmaxr Fmean, Fmax, Fmaxr

.20 .025 .200 .014 .004 .026 .010 .007 .014 .022 .022 .032

.20 .050 .200 .011 .003 .016 .014 .009 .017 .033 .026 .043

.20 .100 .200 .015 .004 .017 .013 .011 .019 .037 .025 .050

.20 .160 .200 .005 .003 .009 .007 .010 .015 .023 .018 .044

.20 .200 .200 .008 .006 .020 .018 .033 .049 .046 .043 .120

.20 .250 .200 .010 .006 .015 .011 .009 .013 .042 .014 .049

.20 .400 .200 .028 .019 .042 .012 .016 .023 .158 .033 .236

.10 .013 .100 .031 .007 .037 .003 .002 .004 .004 .004 .006

.10 .025 .100 .031 .009 .041 .002 .002 .003 .005 .004 .007

.10 .050 .100 .016 .005 .018 .005 .004 .006 .018 .009 .019

.10 .080 .100 .018 .006 .019 .002 .002 .003 .010 .005 .012

.0 .100 .100 .011 .004 .011 .002 .002 .003 .005 .004 .011

.10 .125 .100 .011 .005 .013 .002 .003 .005 .009 .003 .011

.10 .200 .100 .007 .005 .012 .002 .003 .004 .030 .006 .042

.10 .400 .100 .023 .024 .043 .025 .030 .043 .134 .021 .152

.05 .013 .050 .035 .011 .044 .008 .006 .010 .019 .010 .019

.05 .025 .050 .037 .014 .049 .010 .009 .014 .029 .014 .032

.05 .040 .050 .026 .010 .031 .007 .007 .010 .030 .012 .032

.05 .050 .050 .031 .016 .047 .009 .010 .016 .023 .012 .037

.05 .063 050 .027 .013 .037 008 .009 .013 .021 .009 .030

.05 .100 .050 .024 .013 .033 .009 .010 .014 .031 .008 .039

.05 .200 .050 .021 .012 .024 .000 .001 .001 .133 .008 .306

.05 .400 .050 .023 .016 .026 .033 .040 .058 .101 .031 .141

.02 .010 .020 .033 .014 .049 .008 .009 .014 .018 .012 .029

.02 .016 .020 .020 .008 .024 .005 .005 .008 .008 .004 .011

.02 .020 .020 .017 .008 .024 .004 .003 .005 .009 .006 .018

.02 .025 .020 .017 .008 .022 .004 .004 .007 .021 .007 .025

.02 .040 .020 .016 .008 .022 .005 .005 .007 .024 .007 .028

.02 .080 .020 .C19 .009 .020 .004 .003 .004 .114 .012 .118

.02 .160 .020 .007 .004 .008 .004 .005 .007 .090 .011 .108

.01 .010 .010 .027 .014 .041 .014 .014 .021 .036 .019 .058

.01 .013 .010 .031 .015 .043 .015 .015 .022 .048 .018 .059

.01 .020 .010 .032 .019 .052 .016 .018 .026 .054 .018 .071

.01 .040 .010 .087 .065 .152 .018 .020 .028 .108 .018 .126

S12 S23 S22
Fmean, Fmax, Fmaxr Fmean, Fmax, Fmaxr

.20 .025 .200 .003 .003 .003 .010 .007 .014 .014 .004 .026

.20 .050 .200 .005 .005 .006 .014 .009 .017 .011 .003 .016

.20 .100 .200 .007 .006 .008 .013 .011 .019 .015 .004 .017

.20 .160 .200 .003 .003 .005 .007 .010 .015 .005 .003 .009

.20 .200 .200 .004 .004 .006 .018 .033 .049 .008 .006 .020

.20 .250 .200 .007 .008 .012 .011 .009 .013 .010 .006 .015

.20 .400 .200 .019 .024 .044 .012 .016 .023 .028 .019 .042

.10 .013 .100 .008 .008 .010 .003 .002 .004 .031 .007 .037

.10 .025 .100 .010 .011 .014 .002 .002 .003 .031 .009 .041

.10 .050 .100 .007 .006 .008 .005 .004 .006 .016 .005 .018

.10 .080 .100 .009 .008 .011 .002 .002 .003 .018 .006 .019

.10 .100 .100 .007 .006 .009 .002 002 .003 .011 .004 .011

.10 .125 .100 .007 .005 .008 .002 .003 .005 .011 .005 .013

.10 .200 .100 .007 .005 .009 .002 .003 .004 .007 .005 .012

.10 .400 .100 .021 .014 .031 .025 .030 .043 .023 .024 .043

.05 .013 .050 .011 .011 .015 .008 .006 .010 .035 .011 .044

.05 .025 .050 .014 .013 .019 .010 .009 .014 .037 .014 .049

.05 .040 .050 .012 .010 .014 .007 .007 .010 .026 .010 .031

.05 .050 .050 .013 .014 .021 .009 .010 .016 .031 .016 .047

.05 .063 .050 .013 .012 .019 .008 .009 .013 .027 .013 .037

.05 .100 .050 .013 .011 .019 .009 .010 .014 .024 .013 .033

.05 .200 .050 .024 .014 .028 .000 .001 .001 .021 .012 .024

.05 .400 .050 .047 .023 .059 .033 .040 .058 .023 .016 .026
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.02 .010 .020 .013 .015 .021 .008 .009 .014 .033 .014 .049

.02 .016 .020 .011 .009 .014 .005 .005 .008 .020 .008 .024

.02 .020 .020 .009 .010 .015 .004 .003 .005 .017 .008 .024

.02 .025 .020 .011 .010 .016 .004 .004 .007 .017 .008 .022

.02 .040 .020 .012 .011 .018 .005 .005 .007 .016 .008 .022

.02 .080 .020 .019 .012 .023 .004 .003 .004 .019 .009 .020

.02 .160 .020 .021 .017 .036 .004 .005 .007 .007 .004 .008

.01 .010 .010 .010 .011 .017 .014 .014 .021 .027 .014 .041
.01 .013 .010 .013 .013 .020 .015 .015 .022 .031 .015 .043
.01 .020 .010 .015 .016 .026 .016 .018 .026 .032 .019 .052
.01 .040 .010 .058 .064 .11? .0.8 .020 .028 .087 .065 .152
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Tabl e 2

Wl W2 W3
Sll S13 S33

Fmean, Fmax, Fmaxr Fmean, Fmax, Fmaxr
.............................................................

20 .025 .200 .023 .004 .025 .006 .004 .007 .009 .010 .015
.20 .025 .300 .000 .000 .000 .000 .000 .000 .000 .000 .000
.20 .050 .200 .021 .005 .023 .010 .008 .013 .013 .010 .017
.20 .050 .300 .030 .011 .039 .006 .006 .013 .016 .015 .023
.20 100 .200 .024 .008 .031 .016 .013 .022 .032 .019 .039
.20 .100 .300 .020 .008 .026 .008 .008 .015 .029 .024 .043
.20 .200 .200 .158 .065 .168 .029 .021 .032 .110 .042 .130
.20 .200 .300 .027 .018 .045 .018 .017 .029 .030 .023 .055
.20 .250 .200 .033 .019 .054 .020 .022 .033 .042 .019 .068
.20 .250 .300 .028 .019 .046 .018 .020 .032 .034 .021 .060
.10 .013 .100 .045 .012 .060 .005 .004 .008 .021 .021 .035
.10 .025 .100 .040 .013 .056 .003 .002 .003 .016 .014 .025
.10 .025 .150 .042 .015 .053 .006 .005 .009 .011 .012 .019
.10 .050 .100 .021 .006 .023 .008 .007 .011 .019 .010 .022
.10 .050 .150 .017 .006 .017 .004 .004 .007 .007 .a05 .010
.10 .050 .200 .020 .009 .023 .003 .002 .004 .013 .010 .018
.10 .080 .100 .014 .006 .018 .007 .007 .010 .006 .004 .010
.10 .080 .150 .015 .007 .021 .006 .006 .010 .008 .005 .011
.10 .080 .200 .017 .008 .020 .005 .005 .009 .011 .008 .017
.10 .100 .100 .007 .003 .009 .011 .010 .015 .011 .005 .016
.10 .100 .150 .008 .005 .014 .012 .009 .014 .013 .006 .017
.10 .100 .200 .015 .009 .021 .009 .007 .012 .014 .009 .021
.10 .125 .100 .006 .003 .009 .012 .011 .017 .014 .005 .018
.10 .125 .150 .007 .004 .010 .012 .010 .015 .010 .005 .015
.10 .125 .200 .009 .006 .013 .011 .009 .016 .015 .009 .023
.10 .200 .100 .023 .017 .040 .023 .023 .033 .062 .013 .078
.10 .200 .150 .022 .018 .040 .025 .022 .033 .030 .008 .038
.10 .200 .200 .025 .022 .044 .023 .018 .030 .023 .009 .034
.05 .013 .050 .043 .014 .057 .007 .005 .009 .029 .019 .038
.05 .013 .083 .044 .016 .054 .009 .007 .012 .019 .017 .031
.05 .013 .250 .037 .023 .047 .030 .014 .036 .012 .012 .018
.05 .025 .050 .040 .015 .054 .007 .005 .008 .035 .019 .044
.05 .025 .083 .038 .015 .046 .008 .005 .009 .021 .015 .031
.05 .025 .250 .034 .022 .044 .016 .009 .020 .009 .007 .011
.05 .040 .050 .026 .010 .030 .005 .004 .006 .033 .014 .038
.05 .040 .083 .016 .007 .020 .002 .002 .003 .011 .008 .019
.05 .040 .150 .026 .014 .031 .007 .005 .009 .005 .003 .006
.05 .040 .250 .025 .015 .028 .009 .007 .014 .008 .008 .013
.05 .050 .050 .028 .014 .041 .002 .003 .004 .025 .013 .039
.05 .050 .083 .032 .014 .036 .003 .003 .004 .023 .012 .032
.05 .050 .150 .024 .013 .027 .005 .004 .008 .015 .011 .023
.05 .050 .250 .014 .013 .023 .009 .006 .012 .012 .012 .023
.05 .063 .050 .021 .009 .025 .003 .003 .004 .016 .006 .021
.05 .063 .083 .017 .008 .021 .004 .004 .006 .014 .008 .021
.05 .063 .150 .016 .009 .020 .005 .004 .007 .010 .005 .012
.05 .063 .250 .019 .013 .024 .006 .004 .008 .010 .006 .011
.05 .100 .0831.006 .005 .012 .009 .009 .014 .017 .005 .019
.05 .100 .150 .010 008 .015 .009 .006 .011 .013 .006 .017
.05 .200 .083 .024 .026 .049 .037 .039 .058 .085 .007 .110
.05 .200 .150 .021 .020 .035 .023 .020 .034 .027 .005 .034
.05 .200 .250 .016 .017 .027 .012 .009 .017 .027 .012 .045
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.02 .010 .020 .036 .016 .054 .004 .004 .006 .023 .015 .036

.02 .010 .040 .058 .021 .063 .011 .008 .014 .023 .017 .036

.02 .016 .020 .021 .008 .024 .002 .002 .003 .010 .006 .015

.02 .016 .040 .036 .014 .039 .008 .007 .012 .015 .009 .021

.02 .016 .080 .028 .014 .033 .007 .004 .007 .016 .009 .018

.02 .020 .020 .015 .008 .024 .009 .008 .011 .012 .007 .020

.02 .020 .040 .030 .024 .063 .013 .017 .029 .008 .004 .010

.02 .020 .080 .013 .010 .023 .013 .012 .023 .015 .008 .018

.02 .025 .020 .015 .007 .019 .005 .006 .008 .024 .009 .029

.02 .025 .040 .024 .017 .042 .013 .014 .023 .010 .007 .020

.02 .025 .080 .015 .009 .019 .011 .008 .015 .007 .005 .011

.02 .040 .020 .011 .005 .012 .007 .008 .011 .025 .006 .028

.02 .040 .040 .020 .009 .020 .010 .008 .012 .011 .004 .014

.02 .040 .080 .016 .011 .023 .010 .008 .014 .013 .005 .014

.02 .080 .020 .013 .006 .014 .014 .014 .020 .122 .012 .123

.02 .080 .040 .016 .009 .018 .017 .017 .026 .035 .006 .041

.02 .080 .080 .014 .009 .016 .008 .007 .012 .021 .007 .031

.01 .010 .010 .034 .012 .036 .019 .028 .041 .077 .053 .159

.01 .010 .020 .064 .055 .146 .026 .034 .054 .042 .021 .055

.01 .010 .040 .024 .015 .035 .020 .017 .030 .049 .029 .067

.01 .013 .010 .030 .014 042 .008 .007 .010 .049 .019 .062

.01 .013 .020 .045 .026 .070 .019 .021 .033 .037 .019 .052

.01 .013 .040 .035 .016 .037 .010 .008 .013 .036 .024 .056

.01 .020 .010 .029 .017 .046 .008 .007 .011 .053 .018 .069

.01 .020 .020 .036 .019 .047 .011 .008 .013 .046 .020 .068

.01 .020 .040 .041 .020 .044 .012 .008 .014 .049 .028 .076

.01 .040 .010 .079 .064 .150 .005 .005 .007 .109 .018 .126

.01 .040 .020 .035 .020 .044 .007 .005 .007 .068 .019 .097

.01 .040 .040 .040 .022 .045 .018 .012 .020 .070 .025 .097

.01 .040 .080 .000 .000 .000 .000 .000 .000 .000 .000 .000

S12 S23 S22
Fmean, Fmax, Fmaxr Fmean, Fmax, Fmaxr

.20 .025 .200 .006 .009 .011 .006 .004 .007 .023 .004 .025

.20 .025 .300 .000 .000 .000 .000 .000 .000 .000 .000 .000

.20 .050 .200 .006 .009 .011 .010 .008 .013 .021 .005 .023

.20 .050 .300 .003 .004 .005 .022 .017 .029 .071 .008 .162

.20 .100 .200 .010 .010 .014 .016 .013 .022 .024 .008 .031

.20 .100 .300 .004 .004 .005 .024 .019 .031 .037 .005 .038

.20 .200 .200 .030 .023 .035 .047 .035 .050 .099 .030 .101

.20 .200 .300 .012 .013 .019 .022 .023 .034 .054 .013 .073

.20 .250 .200 .019 .020 .031 .020 .022 .033 .033 .019 .054

.20 .250 .300 .019 .020 .030 .019 .024 .034 .034 .013 .058

.10 .013 .100 .003 .003- 004 .005 .004 .008 .045 .012 .060

.10 .025 .100 .003 .003 .004 .003 .002 .003 .040 .013 .056

.10 .025 .150 .004 .004 .005 .007 .004 .007 .070 .009 .076

.10 .050 .100 .007 .007 .010 .008 .007 .011 .021 .006 .023

.10 .050 .150 .003 .004 .006 .011 .010 .015 .018 .003 .020

.10 .050 .200 .003 .004 .005 .016 .015 .024 .046 .005 .084

.10 .080 .100 .004 .005 .007 .007 .007 .010 .014 .006 .018

.10 .080 .150 .005 .005 .006 .011 .010 .014 .018 .005 .024

.10 .080 .200 .004 .005 .007 .014 .014 .020 .034 .006 .054

.10 .100 .100 .005 .007 .010 .011 .010 .015 .007 .003 .009

.10 .100 .150 .006 .008 .011 .013 .012 .017 .011 .003 .014

.10 .100 .200 .006 .009 .012 .016 .015 .022 .031 .007 .051

.10 .125 .100 .008 .008 .013 .012 .011 .017 .006 .003 .009

.10 .125 .150 .007 .009 .014 .013 .012 .018 .010 .004 .016

.10 .125 .200 .009 .011 .016 .015 .014 .019 .020 .005 .032

.10 .200 .100 .016 .015 .026 .023 .023 .033 .023 .017 .040

.10 .200 .150 .017 .018 .030 .021 .020 .028 .015 .009 .029

.10 .200 .200 .019 .021 .033 .019 .019 .026 .020 .008 .034
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.05 .013 .050 .006 .005 .006 .007 .005 .009 .043 .014 .057

.05 .013 .083 .005 .004 .005 .004 .003 .004 .071 .012 .086

.05 .013 .250 .010 .009 .012 .017 .014 .024 .085 .020 .122

.05 .025 .050 .008 .006 .008 .007 .005 .008 .040 .015 .054

.05 .025 .083 .003 .003 .004 .005 .004 .005 .062 .013 .072

.05 .025 .250 .014 .011 .014 .014 .012 .018 .106 .020 .161

.05 .040 .050 .009 .006 .009 .005 .004 .006 .026 .010 .030

.05 .040 .083 .003 .003 .005 .003 .002 .004 .027 .006 .030

.05 .040 .150 .007 .008 .011 .011 .010 .015 .184 .010 .247

.05 .040 .250 .015 .017 .023 .014 .012 .018 .104 .014 .149

.05 .050 .050 .003 .003 .005 .002 .003 .004 .028 .014 .041

.05 .050 .083 .004 .004 .005 .001 .001 .001 .043 .012 .052

.05 .050 .150 .003 .003 .004 .005 .005 .008 .100 .010 .136

.05 .050 .250 .013 .016 .023 .007 .006 .009 .071 .011 .113

.05 .063 .050 .002 .002 .003 .003 .003 .004 .021 .009 .025

.05 .063 .083 .003 .003 .004 .004 .004 .005 .028 .007 .030

.05 .063 .150 .006 .007 .010 .008 .007 .010 .056 .007 .063

.05 .063 .250 .016 .017 .025 .011 .009 .013 .087 .007 .130

.05 .100 .050 .004 .003 .005 .007 .008 .012 .011 .005 .013

.05 .100 .083 .007 .007 .011 .007 .008 .011 .018 .006 .019

.05 .100 .150 .010 .012 .018 .009 .008 .011 .035 .008 .048

.05 .200 .083 .024 .022 .042 .027 .031 .042 .016 .007 .018

.05 .200 .150 .023 .022 .039 .020 .022 .028 .010 .004 .014

.05 .200 .250 .021 .021 .036 .010 .013 .016 .046 .008 .066

.02 .010 .020 .006 .006 .009 .004 .004 .006 .036 .016 .054

.02 .010 .040 .008 .006 .008 .012 .010 .015 .074 .017 .089

.02 .016 .020 .003 .004 .006 .002 .002 .003 .021 .008 .024

.02 .016 .040 .003 .002 .003 .007 .005 .008 .044 .011 .049

.02 .016 .080 .011 .011 .015 .009 .006 .009 .105 .009 .118

.02 .020 .020 .004 .006 .010 .009 .008 .011 .015 .008 .024

.02 .020 .040 .006 .009 .013 .009 .011 .016 .024 .006 .026

.02 .020 .080 .010 .012 .018 .004 .006 .008 .067 .007 .075

.02 .025 .020 .006 .004 .007 .005 .006 .008 .015 .007 .019

.02 .025 .040 .005 .005 .007 .008 .007 .010 .018 .005 .020

.02 .025 .080 .011 .011 .016 .008 .008 .011 .038 .005 .049

.02 .040 .020 .005 .004 .006 .007 .008 .011 .011 .005 .012

.02 .040 .040 .005 .003 .005 .010 .010 .013 .023 .007 .024

.02 .040 .080 .010 .009 .014 .008 .008 .011 .034 .006 .040

.02 .080 .020 .011 .006 .011 .014 .014 .020 .013 .006 .014

.02 .080 .040 .008 .006 .011 .013 .015 .020 .012 .005 .014

.02 .080 .080 .012 .009 .015 .012 .014 .018 .018 .006 .027

.01 .010 .010 .012 .014 .021 .019 .028 .041 .034 .012 .036

.01 .010 .020 .016 .021 .031 .022 .025 .036 .064 .019 .078

.01 .010 .040 .007 .006 .008 .010 .011 .015 .135 .020 .145

.01 .013 .010 .008 .006 .009 .008 .007 .010 .030 .014 .042

.01 .013 .020 .004 .005 .008 .012 .008 .012 .060 .018 .068

.01 .013 .040 .009 .007 .010 .013 .011 .015 .077 .014 .094

.01 .020 .010 .009 .007 .012 .008 .007 .011 .029 .017 .046

.01 .020 .020 .005 .004 .006 .012 .010 .014 .051 .019 .065

.01 .020 .040 .010 .007 .010 .016 .014 .019 .079 .018 .097

.01 .040 .010 .047 .062 .108 .005 .005 .007 .079 .064 .150

.01 .040 .020 .008 .005 .009 .009 .007 .010 .042 .020 .056

.01 .040 .040 .008 .006 .009 .012 .010 .013 .058 .016 .063
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Table 3
MICROSTRIP T-JUNCTION GEOMETRY

...............................................................

W1 W2 W3
S513 S33

Fmean, Fmax, Fmaxr Fmean, Fmax, Fmaxr

.20 .100 .200 .022 .008 .036 .004 .003 .005 .015 .013 .025

.20 .200 .200 .013 .005 .016 .037 .034 .053 .064 .053 .128

.20 .250 .200 .026 .018 .055 .071 .069 .103 .138 .080 .233

.10 .025 .100 .023 .008 .044 .014 .012 .023 .027 .025 .038

.10 .050 .100 .032 .021 .094 .011 .011 .018 .023 .019 .039

.10 .100 .100 .010 .006 .019 .004 .007 .011 .031 .033 .074

.05 .013 .050 .027 .009 .038 .007 .008 .014 .017 .016 .028

.05 .025 .050 .021 .010 .034 .005 .005 .008 .012 .009 .019

.05 .050 .050 .025 .012 .038 .009 .009 .013 .026 .011 .029

.05 .100 .050 .044 .047 .136 .011 .022 .033 .034 .019 .061

.02 .010 .020 .034 .013 .044 .011 .017 .026 .020 .013 .030

.02 .020 .020 .021 .016 .052 .009 .011 .017 .039 .025 .066

.02 .040 .020 .016 .012 .032 .009 .013 .020 .056 .024 .087

.02 .080 .020 .037 .040 .095 .015 .019 .027 .133 .034 .185

.01 .010 .010 .027 .015 .045 .020 .018 .028 .048 .023 .066

.01 .020 .010 .028 .017 .045 .021 .017 .025 .063 .028 .110

.01 .040 .010 .039 .033 .077 .009 .009 .013 .085 .0'19 .133

S12 S23 S22
Fmean, Fmax, Fmaxr Fmean, Fmax, Fmaxr

.20 .100 .200 .004 .006 .008 .004 .003 .005 .022 .008 .036

.20 .200 .200 .016 .014 .019 .037 .034 .053 .013 .005 .016

.20 .250 .200 .026 .021 .031 .071 .069 .103 .026 .018 .055

.10 .025 .100 .007 .008 .010 .014 .012 .023 .023 .008 .044

.10 .050 .100 .005 .005 .007 .011 .011 .018 .032 .021 .094

.10 .100 .100 .012 .023 .032 .004 .007 .011 .010 .006 .019

.05 .013 .050 .008 .010 .012 .007 .008 .014 .027 .009 .038

.05 .025 .050 .007 .009 .012 .005 .005 .008 .021 .010 .034

.05 .050 .050 .012 .012 .018 .009 .009 .013 .025 .012 .038

.05 .100 .050 .016 .020 .031 .011 .022 .033 .044 .047 .136

.02 .010 .020 .016 .016 .022 .011 .017 .026 .034 .013 .044

.02 .020 .020 .013 .021 .030 .009 .011 .017 .021 .016 .052

.02 .040 .020 .011 .015 .023 .009 .013 .020 .016 .012 .032

.02 .080 .020 .013 .013 .023 .015 .019 .027 .037 .040 .095

.01 .010 .010 .009 .009 .013 .020 .018 .028 .027 .015 .045

.01 .020 .010 .007 .007 .011 .021 .017 .025 .028 .017 .045

.01 .040 .010 .017 .027 .048 .009 .009 .013 .039 .033 .077
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Table 4
Wl W2 W3

Sil S13 S33
Fmean, Finax, Fmaxr Fmean, Fmax, Fmaxr

.20 .100 .200 .030 .012 .056 .011 .014 .024 .033 .041 .071

.20 .100 .300 .045 .025 .089 .017 .017 .033 .020 .016 .026

.20 .200 .200 .031 .012 .042 .039 .040 .063 .091 .069 .160

.20 .200 .300 .065 .031 .096 .034 .032 .054 .068 .065 .130

.20 .250 .200 .030 .013 .040 .059 .060 .092 .115 .072 .187

.20 .250 .300 .029 .016 .046 .053 .048 .081 .097 .081 .182

.10 .025 .100 .028 .008 .037 .009 .013 .025 .026 .034 .052

.10 .025 .150 .051 .024 .097 .016 .023 .048 .017 .020 .029

.10 .025 .200 .080 .050 .158 .041 .043 .099 .033 .036 .053

.10 .050 .100 .035 .023 .104 .006 .006 .009 .025 .038 .068

.10 .050 .150 .043 .033 .119 .007 .005 .J10 .023 .021 .039

.10 .050 .200 .067 .054 .157 .013 .017 .037 .034 .036 .062

.10 .100 .100 .026 .012 .043 .008 .013 .021 .055 .054 .118

.10 .100 .150 .044 .019 .062 .007 .008 .015 .043 .050 .098

.10 .100 .200 .052 .024 .068 .010 .010 .018 .038 .044 .077

.10 .200 .150 .028 .021 .054 .012 .010 .016 .039 .0C25 .075

.10 .200 .200 .021 .015 .036 .011 .008 .013 .039 .033 .087

.05 .013 .050 .025 .009 .038 .010 .014 .025 .029 .029 .050

.05 .013 .083 .032 .013 .048 .014 .017 .033 .017 .021 .034

.05 .025 .050 .023 .010 .035 .008 .010 .016 .030 .025 .048

.05 .025 .083 .031 .013 .041 .007 .010 .017 .014 .015 .026

.05 .050 .050 .026 .012 .036 .009 .009 .015 .045 .025 .060

.05 .050 .083 .041 .018 .050 .006 .007 .012 .029 .019 .040

.05 .050 .150 .046 .027 .063 .010 .010 .019 .038 .035 .064

.05 .100 .050 .026 .019 .054 .009 .011 .016 .029 .015 .048

.05 .100 .083 .025 .019 .051 .010 .012 .019 .029 .029 .077

.05 .100 .150 .026 .025 .059 .011 .014 .025 .036 .043 .088

.05 .200 .083 .039 .038 .079 .019 .029 .044 .120 .030 .159

.05 .200 .150 .036 .034 .066 .018 .022 .037 .044 .017 .063

.02 .010 .020 .035 .014 .046 .013 .021 .033 .033 .023 .052

.02 .010 .040 .041 .017 .048 .015 .021 .036 .026 .022 .043

.02 .010 .080 .044 .025 .059 .024 .022 .043 .031 .027 .047

.02 .020 .020 .020 .017 .053 .010 .012 .019 .035 .026 .070

.02 .020 .040 .022 .019 .053 .014 .017 .028 .034 .033 .076

.02 .020 .080 .031 .028 .065 .017 .014 .028 .039 .028 .057

.02 .040 .020 .016 .013 .035 .010 .010 .015 .051 .024 .087

.02 .040 .040 .018 .018 .046 .008 .011 .017 .038 .030 .088

.02 .040 .080 .037 .038 .080 .012 .012 .023 .035 .024 .056

.02 .080 .020 .032 .026 .061 .024 .027 .039 .118 .024 .140

.02 .080 .040 .030 .028 .061 .018 .021 .032 .067 .022 .089

.02 .080 .080 .036 .039 .077 .020 .019 .032 .057 .028 .084

.01 .010 .010 .028 .015 .046 .021 .020 .031 .055 .026 .075

.01 .010 .020 .035 .023 .062 .027 .021 .034 .061 .030 .077

.01 .010 .040 .056 .077 .186 .029 .023 .040 .075 .087 .189

.01 .020 .010 .027 .016 .042 .019 .015 .022 .062 .023 .087

.01 .040 .010 .037 .033 .076 .006 .008 .011 .077 .017 .121

S12 S23 S22
Fmean, Fmax, Fmaxr Fmean, Fmax, Fmaxr

.20 .100 .200 .007 .009 .011 .011 .014 .024 .030 .012 .056

.20 .100 .300 .006 .007 .009 .017 .014 .024 .054 .007 .062

.20 .200 .200 .016 .015 .021 .039 .040 .063 .031 .012 .042

.20 .200 .300 .015 .014 .019 .029 .028 .044 .059 .016 .087

.20 .250 .200 .021 .020 .031 .059 .060 .092 .030 .013 .040

.20 .250 .300 .016 .018 .026 .046 .049 .074 .036 .010 .049
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.10 .025 .100 .008 .010 .013 .009 .013 .025 .028 .008 .037

.10 .025 .150 .007 .013 .016 .025 .020 .035 .068 .009 .138

.10 .025 .200 .015 .030 .036 .044 .034 .062 .683 .0291.255

.10 .050 .100 .005 .006 .008 .006 .006 .009 .035 .023 .104
3O .050 150 .004 .004 .005 .022 .019 .031 .065 .019 .170

.10 .050 .200 .010 .016 .020 .036 .031 .052 .346 .0283.891

.10 .100 .100 .016 .024 .033 .008 .013 .021 .026 .012 .043

.10 .100 .150 .014 .021 .028 .013 .013 .020 .051 .020 .109

.10 .100 .200 .010 .012 .015 .019 .023 .034 .110 .021 .222

.10 .200 .150 .020 .026 .039 .015 .018 .026 .024 .013 .044

.10 .200 .200 .017 .022 .032 .013 .019 .028 .027 .007 .030

.05 .013 .050 .006 .008 .010 .010 .014 .025 .025 .009 .038

.05 .013 .083 .007 .012 .015 .013 .014 .024 .058 .012 .115

.05 .025 .050 .006 .006 .008 .008 .010 .016 .023 .010 .035

.05 .025 .083 .006 .007 .009 .011 .012 .019 .030 .008 .045

.05 .050 .050 .014 .015 .020 .009 .009 .015 .026 .012 .036

.05 .050 .083 .013 .013 .018 .012 .012 .018 .032 .010 .052

.05 .050 .150 .013 .013 .018 .027 .030 .046 .169 .012 .426

.05 .100 .050 .019 .024 .036 .009 .011 .016 .026 .019 .054

.05 .100 .083 .019 .024 .035 .011 .015 .021 .021 .008 .032

.05 .100 .150 .014 .015 .021 .019 .033 .048 .056 .011 .125

.05 .200 .083 .023 .020 .034 .017 .029 .039 .035 .032 .083

.05 .200 .150 .021 .019 .031 .012 .016 .021 .035 .017 .069

.02 .010 .020 .012 .012 .017 .013 .021 .033 .035 .014 .046

.02 .010 .040 .014 .016 .021 .010 .018 .028 .049 .013 .074

.02 .010 .080 .023 .031 .041 .012 .011 .018 .377 .021 .913

.02 .020 .020 .010 .017 .025 .010 .012 .019 .020 .017 .053

.02 .020 .040 .010 .020 .028 .010 .016 .024 .067 .024 .116

.02 .020 .080 .016 .031 .042 .015 .015 .022 .183 .021 .261

.02 .040 .020 .008 .013 .020 .010 .010 .015 .016 .013 .035

.02 .040 .040 .008 .013 .020 .011 .020 .029 .023 .015 .060

.02 .040 .080 .015 .023 .034 .016 .024 .034 .086 .018 .202

.02 .080 .020 .015 .017 .029 .024 .027 .039 .032 .026 .061

.02 .080 .040 .012 .015 .025 .012 .015 .020 .016 .008 .023

.02 .080 .080 .013 .017 .027 .017 .027 .037 .029 .010 .059

.01 .010 .010 .007 .007 .010 .021 .020 .031 .028 .015 .046

.01 .010 .020 .011 .009 .013 .026 .021 .032 .063 .019 .076

.01 .010 .040 .022 .047 .066 .033 .065 .095 .150 .026 .205

.01 .020 .010 .007 .006 .010 .019 .015 .022 .027 .016 .042

.01 .040 .010 .017 .027 .048 .006 .008 .011 .037 .033 .076
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14. COMPARISON OF THE 3-D ANALYSIS APPROACH USED BY SFPMIC AND THE SOE

DISCONTINUITY ANALYSIS PROGRAM

14.1. VERIFICATION OF THE DATABASES USED IN MODELLING WITH THE SOE DISCONTI-

NUITY ANALYSIS

To check the SFPMIC generated S-parameter databases a variety of representa-

tive configurations were simulated using the SOE based analysis software (see

Appendix). Below are the results of example discontinuities.

Open End

A comparison plot was generated for a microstrip open end simulated on a

1004m thick GaAs substrate situated non-symmetrically in a 1.28 mm square

package. As can be seen in Fig. 14.1 the S-parameters generated show good

agreement, the deviations found are small.

Gap

For the gap example a microstrip gap discontinuity in a 1 mm square package

on the same substrate with a 504m gap and strip widths 1O0.m was analysed by
the two full-wave analysis programs. The results are shown in Fig. 14.2.
Again the comparison shows the deviation is of the same order as the errors

achieved in the discontinuity model.

Step

A symmetric microstrip step discontinuity was investigated with the line

width changing from 100 microns to 300 microns. The structure is embedded

symmetrically into the package of 1 mm x 1 mm. The frequency range of the

simulation was again 10 GHz to 100 GHz. The comparison is shown in Fig. 14.3

where the transmission phases are plotted. The agreement between the

compared data sets are good.
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900 bend

As an example structure, a rectangular microstrip bend of line width 100

microns was simulated for a GaAs-substrate of thickness 100 microns embedded

in a package of imm x 1mm. The simulated frequency range was 10 GHz to 100

GHz. Comparison results for the two methods are given in Fig. 14.4 where the

reflection and the transmission coefficients have been plotted. The results

show very good agreement.

T-junction

To compare the two analysis methods a symmetric microstrip T-junction with

all line widths of 100 microns was studied. The T-junction was simulated on

a GaAs-substrate of thickness 100 microns in a package of 1.4 mm x 1 mm.

The simulated frequency range was 10 GHz to 90 GHz. The phases computed by

the different approaches are shown. The reflection phases of port one (first

port of the through-line) are plotted in Fig. 14.5. In Fig. 14.6, the

transmission phases between port one and the two other ports two and three

(second port of the through-line and port of the stub-line) are plotted.

Both the computed reflection and transmission phases show good agreement and

confirm the validity of the numerical results except for relatively small

discrepancies probably due to different convergence behaviour.

14.2. THE STRENGTHS AND WEAKNESSES OF THE SFPMIC PROGRAM AND THE SOE BASED
SOFTWARE

The program SFPMIC and the new SOE based software have been written

independently. Some of the algorithms and methods which the programs are

based on are different. Therefore, the two approaches have different

properties in some respects. Investigations have revealed the strong and
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weak points of both approaches. This is important in judging the consistency

and quality of the data bases generated and used for the development of

analytical models.

The main advantage of the discontinuity modules is the application of the SOE

(spectral operator expansion) method. The SOE-method allows substantial

speed-up in frequency-dependent, broad band, discontinuity computations.

Comparisons have shown that the SOE-initialisation takes about 3 times the

CPU time taken in the computation of a single frequency point using the

technique of SFPMIC. However, this initialisation has to be performed only

once per structure. Following frequency points can be computed then within

1/1000 to 1/100 of the CPU time required for the computation of the first

frequency point. This advantage of the SOE method becomes apparent if an

analysis is required for more than 4 frequency points.

The main advantage of the program SFPMIC lies in the application of the local

function method. This method is based on the pre-computation of the

feed-strip modes and the consecutive use in their 3-dimensional analysis as a

part of the system of expansion functions. This results in a comparatively

low number of unknowns for which the system matrix has to be generated. This

keeps the amount of CPU time required also reasonably low. However, it is

not possible to apply the SOE method to such a system of expansion functions

in order to combine the advantages of the two concepts. As to the numerical

stability of the discontinuity SOE software as compared tc the SFPMIC

program, the following has been found.

Whilst the numerical stability of the new modules in total is better than

that of SFPMIC, it was found to be certainly lower in the vicinity of package

resonances. This is a consequence of the local function method and the

associated relatively low number of expansion functions used in SFPMIC. On

the other hand, the system of functions chosen in the SOE approach and the

different method of S-parameter extraction applied along with this, provides
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improved stability (as originally expected) in the quasi-static and

intermediate region below resonances. In the frequency range near

resonances, SFPMIC still gives good results when the discontinuity modules

suffer from ill-conditioning of the discretised (matrix) operator.

As a conclusion, to cover the full range of frequencies of interest, it is an

advantage to have both approaches available for data base generation.
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15. CONCLUSION

This work has shown that systematic models can be developed to describe the
electrical behaviour of GaAs discontinuities up to 60 GHz. The physics
related modelling approach can be used to describe the microstrip and first

package LSM mode and their interaction at the discontinuity.
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i. SPECTRAL OPERATOR EXPANSION APPROACH TO DISCONTINUITY ANALYSIS

1.1 THEORETICAL AND ANALYTICAL CONSIDERATIONS IN THE DEVELOPMENT OF THE
IMPROVED FULL-WAVE APPROACH

Although the fundamental mathematical problems have been solved in SFPMIC, in

order to generate quickly step, bend and T-junction data a more efficient

approach was needed. For this reason, theoretical investigations were

carried out to apply the SOE (spectral operator expansion) method. This

approach should increase the computational speed of 20...50 as compared to

SFPMIC. Fig. A1.1 shows the current state for the analysis of step

structures.

A B A

RP1 RP2

Fig. A1.1: Schematic of T-junction structure

Compared to the present SFPMIC approach, a wider region B around the

discontinuity needs to be described by nonmodal expansion functions, i.e. the

method no longer contains the precomputed TL elements. The reason for this

is that the transmission line elements depend directly on pi, the modal

propagation constants associated with the fundamental modes on the feed

strips complicating the usage of the SOE by their direct frequency
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dependence. Precomputed transmission line functions are now used only in the

A regions where a modal representation of the field is applied. The respec-

tive transmission line data can be generated by a transmission line package

which is already available and needs only to be modified and updated.

The SOE method as applied to the hybrid-mode problem of multiply coupled-MIC

transmission lines provides the possibility of enhancing the computational

speed and accuracy of 3D-discontinuity problems. Application of the SOE,

however, requires that the expansion functions in a wider region near the

discontinuity of interest do not depend on the operating frequency thus

forbidding the use of precomputed transmission line distributions. This

dictates that the discontinuity region (Figure A1.1) has to be restricted in

size as much as possible in order not to end up with a very high number of

expansion functions. The consequence is that the modal wave amplitudes

cannot be extracted from the field in region B, but only from the modal

solution obtained for region A. In addition, the source formulation has to

be placed into region A and has to be chosen in such a way that it does not

introduce a disturbance of the boundary conditions required to be satisfied

by each transmission line mode. Such a disturbance is a disadvantage of the

present SFPMIC approach in which a sufficiently long transmission line

section has to be placed between the planar sources (impressed current

density distributions) and the discontinuity region. The only way to avoid

such disturbances, but nevertheless to obtain a source formulated solution,

is to use precomputed modes coming from infinity to excite tne structure of

interest. The price paid for such use of source functions (having infinite

support) is the high testing time. As a result one of the main requirements

was to study the possibility of, and develop, the mathematical methods which

form a best compromise between or satisfy all of the aspects mentioned above.

Two possible methods were developed and studied, one of which was in terms of

a discrete and the other in terms of a continuous spectrum of the electro-

magnetic field.
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1.1.1. Continuous Spectrum Formulation

The geometry of a discontinuity in a package is shown below in Fig. A1.2.

Z Y (o, b) Y z

SGaAs - substrate
i1, 2

N® Air - region above

(a, o) (a, b) -hl +h2

Fig. A1.2:

within which the electromagnetic field can be described by

i sin(k x) f Bim(k )e y  f(k z)dy

" yJkx g(k1 zdky

cos(kxmx) f  im (ky)e y

where 4, are wave potentials.

The continuous version was studied in detail taking into account all

necessary steps to arrive at a final set of equations which can be solved

numerically. Due to the properties of the Fourier transforms with respect to

the y-direction the field quantities can be processed elegantly to yield a

spectral relation between the electric flux density in the plane of the strip

conductors and the associated surface current density. This is equivalent to

an integral operator equation in the space domain, mapping the surface

current density Js into the electric field Es tangential to the metallisation
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pattern. One of the advantages of this formulation is that the current

density can be defined piecewise in the space domain without violating

continuity conditions. This prevails because Js is not used in the analytical

process of setting up the equations, but s' its Fourier transform.

Accordingly, the introduction of discrete mode functions (precomputed) in the

space regions A outside of the discontinuity region B is possible in a

straightforward manner.

In view to applying the SOE technique, nevertheless, it is a problem that the

prevailing operator is of infinite range, i.e. it encounters all current

density contributions in the range --<y4-. Though any test functions used in

the numerical evaluation of the problem may be restricted to the disconti-

nuity r2gion B, o<y<b (chosen large enough) the expansion in terms of modes

in B introduces spectral contributions of the form

(k y) = 1/(j(kY- i ) ) = 1/(j(kyko/E:effi)),

where j is the imaginary unit and pi the propagation constant of the ith

discrete mode encountered at one of the reference planes y = 0 or y = b (Fig.

Al.2). This is a relatively simple mathematical form and can be expanded in

principle, in terms of frequency. However, it complicates the application of

SOE. The SOE can be applied efficiently if only the operator depends on

frequency and the expansion functions and the test functions used do not.

The alternative of splitting off the associated discrete mode poles kypi = Oi

from the integral operator has also been studied. This leaves the problem of

subtracting the associated residues from the integrand and results in a form

where the oi-dependence is still not removed from the analytical formulation

(numerically it is). For that reason, SOE in conjunction with the continuous

spectrum version is possible in principle but requires a relatively high

amount of analytical manipulation and preparation uf the numerical algorithm
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without achieving its full efficiency. A comparison between the individual

steps to be performed for the continuous spectral formulation and for the

discrete spectral version exhibits an advantage of the latter as far as

application of the SOE is concerned. This is because in the discrete
formulation the operator is defined with finite support, i.e. over the range

Oyb onl,, for which the construction of frequency-independent expansion

functions is found to be easier.

1.1.2. Discrete Spectrum Formulation

For the discrete spectrum formulation the electromagnetic field can be

represented by

pi = z sin(kxmX) [b sin(k y) + b l mncos(k y)].f(ki z)1m run xm Thn n yn zmn

oi =  cos(kxmx) [c 1mncos(kynY) + c mnsin(k y)]'g(kinZ)

where p, = wave potentials.

The discrete method was followed through all its structural mathematical

details to arrive at a solution required to formulate a computer program.

The way followed in order to satisfy all of the outlined requirements, is a

modified mode matching technique applied to the planes y = 0 and y = b using

precomputed transmission line solutions. The continuity conditions arising

can be fitted into the system of equations for region B's boundary conditions

by implementing a special, additional set of expansion functions. The

structure of a computer program based on this formulation is very similar to
that of the existing SFPMIC program. The main difficulty is to obtain an em

field expansion having completeness in the closed interval Oy<b instead of

the open interval O<y<b and which simultaneously satisfies orthogonality in

order to efficiently process the start equations. The closed interval
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properties are required for mode matching at y = 0, y = b. Some computer

tests have been made to study the required completeness properties using

elementary examples. The closedness problem can be avoided by the use of the

continuous spectrum formulation shown above, the price being a higher

analytical complexity in evaluating and processing the start equations. Two

possible ways of introducing the discrete exciting (or reflected and

transmitted) modes have been investigated for this method: subdivision of the

spatial counterparts of the spectral functions Bim' C im and splitting

of associated discrete mode poles from the integral representations in terms

of k
y

The problem of achieving completeness for the closed interval O<y<b in case
of the discrete formulation has been overcome by redefining the region B as a

subregion of this interval. The reference planes, say RP1 and RP2, now are
not allowed to coincide with y = 0 or y = b, the boundaries of the interval.

RPI and RP2 are chosen near y = 0, y = b in the interior of the

interval, sufficiently distant from its boundaries in accordance with

numerical considerations and the specified spatial resolution. The discrete

formulation can aven be simplified with that choice as compared to the

original description (i denotes the dielectric layer, i = 1 or i z 2 here):

Fcos(k ynY) i
E sin(k x sin(kyY) bimnfi(k zmnz),

Fsi n(kynY( i )
i 2 cos(kx) Lcos(kyY)].Cimngikmn
m n IC n

A continuation of the current density expansion beyond RP1 and RP2 can be

constructed in the subintevals O<y~y(RPI) and y(RP2)4y<b which has some modal
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character, but does not depend on frequency, at least not in its y-.dependent

factor. The description of the algorithm developed follows, the expansion

function continuation playing a role similar to the source distributions in

the SFPMIC program used for discontinuity analyses.

1.2. BRIEF DESCRIPTION OF THE MATHEMATICAL ALGORITHM AND ITS ASSOCIATED
CHARACTERISTICS

From the discrete spectrum description for the LSM and LSE wave potentials

the associated electric and magnetic field components have been derived

analytically also the continuity of the tangential electric field Es at the

substrate surface has been introduced as an analytical expression. The

surface current density distribution Js representing the strip conductor

pattern has then been introduced as the discontinuity of the tangential

magnetic field at the dielectric interface. In symbolic form this results in

the operator equation,

Es = Lxy.J s = 0, for x, y on conductors (1)

The subscript xy indicates that the respective operation is in the plane of

the substrate. Js is expanded over the range y(RP1)<y~y(RP2) using

frequency-independent expansion functions (the frequency-dependence is in the

weighting coefficients). A continuation of Js was formulated into the

complementary subintervals O<yy(RP1) and y(RP2)4yrb. This is described in

its simplest form as a constant for the longitudinal current density

component and a linear function of y for the transverse component. Its

choice is not critical. In its x-dependency it may be chosen as a normalised

precomputed mode distribution, however, from an investigation, this does not

seem to be a necessary choice (expansion function elements p(x) as used for

mode computations should be sufficient as well, which eases the SOE

procedure).
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Because of the SOE requirements, the wave amplitudes at the chosen reference

planes can no longer be extracted directly from the expansion (does not

contain 'modes'). Instead, they are derived from transverse testing, i.e.

via the continuity conditions enforced at the reference planes RP1 and RP2

for the electric field Et and the magnetic field Ht in the xz-plane

(transverse to the feed lines). The respective continuity equations are of

the form

Et = Etk, Ht = Htk at RPI, RP2 (2)

with the subscript k specifying relationship of the kth mode propagating

through RPI and RP2 (precomputed). In symbolic operator notation this reads

as

L is = Taz  a, M is = Tb b (3)xz 5 xz xz s xz

where a, comprises a set of mode excitation amplitudes and b, is the

associated set of scattered mode amplitudes. Lxz and Mxz are linear

operators mapping the total current density expansion Js' existing in the

xy-plane into the field components in the transverse xz-plane. The dimension

of a and b is the same and corresponds to the number of modes

incident/reflected from the considered discontinuity. An equal number of

continuation functions is contained in the expansion 3s leading to a

consistent deterministic system when eq. (1) and (2) are combined. The

structure of the final system of equations is
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[Lxy] cont. 0 is 0

[Lz] 0 cont. Txa (4)

[M] -1 b b 0

The [ 3 brackets indicate the operation of testing with suitable test

functions. From a and b the scattering matrix can be constructed. L is

SOE compatible without restriction. By suitable normalisation Tz and Izxz

become unit matrices. The term 'cont.' in eq. (4) denotes the position o f

the continuation terms in the system matrix. The only difficulty for the SOE

technique is that Lxz and Mxz exhibit a weak frequency-dependence stemming

from the testing of eq. (2) with normalised modal field distributions in the
transverse xz-plane. This cannot be avoided whatever the formulation since
it is a consequence of the mode amplitude exaction process. The next step of

the investigation is, therefore, to consider a suitable SOE scheme for this
situation. A not very restrictive alternative is to constrain the SOE to the

y-dependent portion of the respective operations.

The problem of applying the spectral operator expansion technique to the

portions [Lxzl and [Mxz] of the system matix is still open. Because the

operators Lxz and Mxz are related to the transverse field distributions of
modes on the feed line(s) of a discontinuity, they are frequency dependent in

a form which makes application of the SOE difficult. This problem has been

overcome now in the following way:

.284.



Et : Ek akek = ak.L(k).Jsk in A,

Ht = H tk k  : bk.M(Pk)'J ' k in A,

with Jsk = ikj s i '

Et = Lxz.J s  and Ht = M z.Js  in B,

where A and B denote the field regions adjacent to RP1, RP2. Jsk is the

transverse current distribution of mode k, with expansion functions Jsi" The

requirement of continuity through the reference planes and the associated

procedure of testing with the transverse mode distributions etk and htk,

respectively, leads to:

a k [e tk'h tk] = aik [Lxz'Js' M(Ok)'Jsi] I

b k [h tk e[M xzJ, L( k ) j s i ]
bk [ t ' tk] = f ik L Zi 1M 1

Here, the orthogonality of the modes has been used and the linear property of

the operators. The system matrix elements [Lxz]i and [Mxz]i from which the

final scalar products [L] and [M], can be constructed by a summation over a

small number i of terms are suited far application of the SOE. The original

frequency dependence of the applied modes is now essentially in the

mode-related weighting coefficients aik which are precomputed as a 2D

solution previous to the 3D discontinuity treatment and stored in a look-up

table. This is achieved by the software MSMODES not developed under this

contract, which performs a modal analysis for the feed lines including higher

order modes needed to describe 1D radiation effects. This software uses a 2D

SOE technique and allows stable mode computations with high spectral

resolution.
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2. STUDY OF THE CURRENT DENSITY EXPANSION FUNCTIONS

In order to satisfy the strip boundary and current continuity conditions,
such as in the step and T-junction discontinuities, two types of functions
were studied and used. All of these functions are separable with respect to

the x- and y-directions and are formulated as products.

e(x) .f(y)

to form current density expansion functions. These two function types are
used in different situations, the first whenever a tangential or normal
current behaviour is required at a boundary, the second piecewise defined
representing the current in the metallisation inner regions.

2.1. CURRENT DENSITY BOUNDARY EXPANSION FUNCTIONS

A pictorial representation of the basic function elements used in setting up

the 2D expansion function sets is given below in Fig. A2.1.

t z '12

I f I

- t.,.l- er

Fig. A2.1: Maxwell term expansion functions
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Such function elements are defined over subregions of the total field region.

Depending on whether the boundaries of these subregions are interior

(artificial) or actual conductor boundaries and where the current density

component described is tangential or normal to the respective boundary, the

proper boundary behaviour can be realised by suitable combinations of the

shown elements. The order of behaviour r describing the vanishing or

singularity at the subregion boundaries are chosen by T = -1/2, 0, 1/2, 1 ...

by multiplication of elements (up to 3 factors). While the outlined

principle of construction applies only to one of the co-ordinates x,y the 2D

expansion functions result again from multiplication of the x and y dependent

terms. All spectral domain coefficients can be evaluated analytically,

resulting in high numerical stability (avoiding FFT algorithms). The

advantage of the piecewise modified harmonic scheme compared to a regular

grid type expansion is a low number of expansion terms even in cases of

large conductor width ratios and for small coupling gaps.

2.2. INNER CURRENT DENSITIES EXPANSION FUNCTIONS

Three types of piecewise expansion functions were put forward to describe the

inner regions of the surface current density on the conductor metallisation.

These were bell, triangle-shaped and sinus functions. Their properties are

given below.

(a) Bell-shaped expansion functions

The bell-shaped expansion functions are constructed using a square cosine-

function. Fig. A2.2 shows the graphical representation of the 1D bell-shaped

expansion function element. The 2D form follows by element combination.

These bell-shape expansion functions are combined using an overlapping scheme

where the bell-shapes overlap with a length of half the subregion. At the

ends of each subregion both the function value and the first derivative of
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the bell-function vanishes. In the middle of the subregion the function

value reaches its maximum, the first derivative vanishing at this point.

10
09-

08-

07-

06-

Y 05-

04-
03-

1 0 -28 -0E 04 -02 0 02 04 06 08 10

X

Fig. A2.2: Bell shaped expansion finder

Using the above combination scheme, such a set of expansion functions is

capable of generating a straight line. However, the first derivative will

always vanish at the interface of the two expansion areas due to the

overlapping scheme. Therefore, a smooth linearly increasing function cannot

be represented without showing ripple taking the form of a smoothed staircase

function.

(b) Triangle-shaped expansion functions

The triangle-shaped expansion functions are constructed by 2 straight lines.

Fig. A2.3 shows the graphical representation of the ID triangle-shaped

expansion function. The 2D form is a bilinear (pyramidal) element the

surfaces of which, however, are not true planes.
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Fig. A2.3: Triangle shaped expansion function

These triangle-shape expansion functions are again combined using an overlap

(overlap of a length of half the subregion). At the ends of the sub-sections

the function value vanishes but not the first derivative. In the middle of
the subsection the function value reaches its maximum. A first derivative
does not exist at this point (but it can exist for the overlapping elements).

However, because this type of piecewise defined function is capable of

approximating continuous functions in a piecewise linear manner, convergence

for an increasing number of elements can be obtained together with a well-

behaved derivative. (Note that these functions are not used directly but

only their truncated spectral representations are used,)

(c) Piecewise sinusoidal expansion functions

Such sinus-shaped expansion functions are constructed using the half of a

period of a sine-wave. Fig. A2.4 shows the graphical representation of the

ID sinus-shaped expansion function. The 2D form follows by the usual

combination of 1D elements.
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Fig. A2.4: Sinus expansion function

Two different overlapping schemes were used for the combination of the

sinus-shaped expansion functions (overlap of a length of half and of a third

of the subsections). At the expansion sub-sections' ends the function value

of the sinus-shape vanishes but not the first derivative (as in the case of

the triangles). In the middle of each subsection the function value reaches

it maximum and the first derivative vanishes.

2.2.1. Investigation of the Piece-Wise Expansion Functions

These three piece-wise functions were studied for their capabilities to form

continuous modal current density distributions. The functions defined over

certain subregions of the conductor metallisation in conjunction with those

satisfying the bcundary conditions were mutually overlapped to constitute the

larger subregions chosen for harmonic functions behaviour.

2.2.2. Expansion Function Grid Pattern Tests

A variety of tests were made in which a comparison between piece-wise defined

functions in a quadratic grid and a rectangular grid was carried out, to see

the effect of a non-equal discretisation with respect to the two co-ordinates

x, y. From theory and from past investigations with spectral domain
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solutions, equal maximum spatial resolution (k xm, kyn ) was found to be
particularly important, if conductor corners occur in the discontinuity

geometry. The reason for this is that the singular field near a 90' corner

acts as the source of a local radial wave. This wave can be described by

cartesian constituents if certain point symmetry conditions are satisfied

(suitable pairs of kxm, kyn exist). Test computations revealed that this

condition is satisfied for an applied quadratic grid.

2.2.3. Expansion Function Study of the Microstrip Open End

As a test case to determine the quality and suitability of the expansion

functions a near full wavelength open end resonator was simulated. The

simulated structure was a rectangular conductor shape (length=1.8mm,

width=O.2mm) on 1O0m GaAs symmetrically embedded into a package

(length=1.95mm, width=O.5mm). The analysis was done at 50 GHz. The

solutions of the 3-D electromagnetic simulations were computed with a

spectral resolution which was high enough to represent the expansion

functions accurately. Eight expansion functions were chosen over the length

of the resonator and two over the width in the inner conductor regions. A

microstrip mode related source distribution previously described was used,

and also the same conductor boundary terms.

The longitudinal current distribution was computed and plotted in the metal-

lisation plane. These plots allowed the advantages and weaknesses of the

expansion functions and the general mathematical behaviour of the expansion

functions to be considered.

Fig. A2.5 shows the longitudinal current distribution using the bell-shaped

expansion functions. The obvious ripple visible on the edge of the expansion

areas is a characteristic of this type of expansion function.
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/ 4

Fig. A2.5: Open end longitudinal current distribution: bell shaped

functions

''

Fig. A2.6: Open end longitudinal current dietribution: triangle shaped

functions
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Fig. A2.7: Open end longitudinal current distribution: sinus shaped

functions
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The same current distribution using the triangle-type expansion functions is

shown in Fig. A2.6. The piecewise linear behaviour, characteristic for this

type of expansion functions is clearly visible.

On testing both overlapping schemes, the set of sinus-shaped expansion

functions was found incapable of generating a straight line. In both cases

only lines with ripple can be generated. The first derivative was not

continuous at the interface points. Detailed study showed that a smooth

function representation can be obtained only in problems for which the

operator is sufficiently well behaved.

Fig. A2.7 shows the longitudinal current distribution using the sinus-type

expansion functions (using the half-length overlapping scheme). Obviously

the solution is not comparable in quality to the previous two cases. Several

other tests showed that the 5inus-type expansion functions are not well

suited for the type of current expansion needed.

As a result of this study only the triangle- and the bell-shaped expansion

functions were found to be well suited for the discontinuity TL feed regions.

The triangle-type expansion functions were chosen for further use in the 3-D

electromagnetic field discontinuity modules, because the triangle-type

expansion functions do not have the first derivative fixed at zero at the

commlon point between two sub-sections.

2.2.4. Expansion Function Study of the Microstrip Gap

Having completed the examination of the 3-D electromagnetic analysis for the

open-end discontinuity the gap discontinuity was then studied. The main

difference between these two discontinuities is that the microstrip-gap is a

two-port device which needs independent source excitation states for its

complete characterisation. The source open-end discontinuity expansion

functions were also used for the gap.
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Fig. A2.8: Gap longitudinal current distribution: left hand source

Fig. A2.9: Gap longitudinal current distribution: right hand source
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The structure simulated as an example, consists of two microstrip lines

(O.2mm wide) on a 1004m thick GaAs-substrate. The spacing of the coupling

gap between the two lines is 504m. The line lengths are 0.95mm

(corresponding to half the wavelength) and 0.75mm. The two independent

excitation states of the two sources used in the analysis were chosen such

that one source is switched on, the other switched off and vice versa.

Fig. A2.8 shows the longitudinal current distribution of the simulated

gap-structure. Note that this particular plot shows the excitation state in

which the source on the right hand microstrip line is switched off and the

left hand source on the line switched on. From the results it is obvious

that there is strong coupling from the excited strip to the other. The large

amplitude on the non-excited strips is due to the fact that its length is

about a half-wavelength.

Fig. A2.9 shows the longitudinal current distribution of the second

excitation state where the right hand source on the microstrip line is

switched on and the left hand source on the line is switched off. The

amplitude on the non excited line in this case is much smaller than in the

first case, since the strips length, 0.75mm, is far away from a resonance

condition.

2.3. SOURCE REPRESENTATIONS FOR IMPROVED 3-D SOLUTION QUALITY

During investigations on the quality of the 3-0 solutions different types and

systems of expansion functions were studied. It has become obvious that the

link between different types of expansion functions and/or between different

subregions is an important factcr. The most important points in this context

are the values of the expanjion functions on their subregion boundaries and

their respective derivitives. The influence of the first derivative

especially has been investigated and was found to be very important for the

quality of the solution.
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Investigations have been made in order to achieve a smooth transition between

the source region and the metallisation area. The current distribution is

impressed over the source region and expansion functions suitable for the

representation of the current density are defined over the metallisation

area. The amplitudes of these expansion functions are determined during the

solution of the 3-D electromagnetic field problem.

To obtain the smooth transition into the feed strip(s), different types of

source functions were considered, the type of source function used being

compatible with the type of expansion functions in order to avoid disconti--

nuities in the solutions. The transverse behaviour of the source expansion

functions was chosen to be the Maxwell-term which gives a good representation

of the fundamental microstrip mode.

The first source tapering function investigated was a squared cosine-

function. Fig. A2.10 shows the longitudinal dependency of this source

function.

A

source

- 'N.expansion

transition\function

x

Fig. A2.10: Square cosine shaped source function
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At the boundary to the feed strip both the function value and the first

derivative vanish. Because the expansion functions used first were harmonic

functions, the transition function appears to be compatible. However, as has

been shown such a system of pure harmonic expansion functions is not a

suitable choice to describe the standing wave pattern of the microstrip mode

on the feedlines.

During the development of the software for the open end, a system of

triangular expansion functions were found to be better suited. However, the

source functions are not strictly compatible with this system of expansion

functions since the first derivatives of the expansion functions do not

danish on the subregion boundaries. Depending on the overlap between the

source function and the adjacent expansion function this results in a

discontinuity of the solution in the vicinity of the source. This can be

avoided using a longitudinal transition function with a linear dependency.

The schematic (Fig. A2.11) shows the modified source and transition function

in combination with the next triangular expansion function element.

A

source

expansion

, functicn< transitl~n

x

Fig. A2.11: Linear ramp source function

As can be seen, the source function is a constant combined with the linear

function of the transition. At the boundary, the function value vanishes hut

the first derivative does not. The overlap between the source function and
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the triangular expansion functions are always chosen as shown above, since

this combination results in a destructive combination of the unwanted effects

of the derivatives of the two elements at the overlap point. Fig. A2.12

shows an open end 3D-solution (longitudinal strip current density) taking

into account the improvement described here (see Fig. A2.7 comparison).

Fig. A2.12: Open end longitudinal current distribution: linear source

function

2.4. EXPANSION FUNCTION SCHEME FOR THE MICROSTRIP STEP

A system of suitable subsections and expansion functions for the step discon-

tinuity has been set up and tested for numerical data. In the case of the

step, the discontinuity has been divided into seven different metallisation

sections (Fig. A2.13).
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7

Fig. A2.13: Step subsection plan

Section 1 is the feedline section of the narrower line. Section 2 is the
interconnecting section between the two feedlines. The width of section 3 is

equal to the width of section I (narrower feedline). Sections 6 and 7 are

upper and lower boundary sections of the second feedline (larger linewidth).

sections 4 and 5 are interconnecting sections between the boundary sections

and the internal section 3.

All of the subsections use the same types of expansion functions. Sections

1, 6 and 7 consist of both internal expansion functions (bilinear type) and

boundary expansion functions (including Maxwell-terms). The other sections

consist only of internal expansion functions. 2, 4 and 5 are interconnecting

sections which overlap between the different expansion areas.

As a representative example, a symmetric microstrip step was analysed. The

structure was simulated on 1OOim GaAs embedded with a slight asymmetry in a

package of O.5mm x 1.0mm. The simulation frequency was 40 GHz.

Fig. A2.14 shows the resultant longitudinal current distribution on the

metallisation area. Here the source function is connected to the narrow

feedline. It is obvious that the fundamental microstrip mode which is
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approximately impressed by the source, becomes distorted in the vicinity of

the abrupt change of the line width. The current distribution on the wider

feedline is somewhat different from the fundamental microstrip mode. This is

thought to be due to the relatively small length of the wide section and the

Fig. A2.14: Step longitudinal current distribution

fact that the disturbance caused by the narrow feed strip has not yet decayed

sufficiently. For the evaluation of S-parameters the feedlines must have a
length long enough to have two regions within which the fundamental

microstrip mode can propagate.

2.5. EXPANSION FUNCTION SCHEME FOR THE MICROSTRIP 900 BEND

The expansion function scheme for the microstrip bend discontinuity was

implemented in terms of 5 different subsections. Fig. A2.15 shows the layout

of this scheme.
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Fig. A2.15: Bend subsection plan

In the figure, section 1 is tne first feedline section, section 2 the

interconnecting section between the feedline and the corner segment, section

3 the bend section, section 4 denotes the interconnecting section between the

bend section and the second feedline section, section 5.

All of the subsections use the same scheme and expansion functions and

consist of both internal expansion functions (bilinear type) and boundary

expansion functions (including Maxwell-terms). 2 and 4 are interconnection

sections which overlap between the different expansion areas to obtain

continuity of the current distribution.

A representative example, a symmetric microstrip bend discontinuity was

analysed. The structure was simulated for a 1O0Om GaAs substrate embedded in

a package of 0.8 mm x 0.8 mm. The simulation frequency was 40 GHz.

Fig. A2.16 shows the longitudinal (x-directed) current distribution on the

metallisation area. Only one source function is switched on in this

excitation state. The source is excited into the positive x-direction. As

can be seen the fundamental microstrip mode which is approximately impressed

by the source becomes distorted in the vicinity of the bend. The plotted

x-directed current is rather small on the second line. This is due to the
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Fig. A2.16: 900 bend longitudinal current distribution: x-directed

Fig. A2.17: 90 bend longitudinal current distribution: y-directed
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fact that the x-directed longitudinal current on the first line represents
the transverse current on the second line and as such should be much smaller,
if the configuration still behaves similar to a TEM transmission line.

Fig. A2.17 shows the y-directed current distribution on the metallisation
area for the same excitation state. On the second feed-line the y-directed
current is the longitudinal component which now has a larger amplitude than

the transverse component on the first feed-line.

2.6. EXPANSION FUNCTION SCHEME FOR THE T-JUNCTION

A system of suitable subsections and expansion functions for the symmetric
T-junction discontinuity, is shown in Fig. A2.18.

2

Fig. A2.18: T-junction subsection plan

In the figure sections 1 and 3 are feedline sections of the through-lines,
and section 2 the respective feedline section of the stub-line. Section 7 is
defined over the area between the feedline-section 3 and sections 4, 5 and 6
are interconnecting sections between the three feedlines and the interior
expansion area, used to ensure continuity of the current distribution.
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All subsections use the same scheme and types of expansion functions.

Sections I to 6 consist both of internal expansion functions (bilinear type)

and boundary expansion functions (including Maxwell-terms). Section 7

consists only of internal expansion functions.

As an example, a symmetric microstrip T-junction (i.e. the line width of the

through-line does not change) was analysed. All line widths were chosen to

be 0.1 mm. The structure was simulated on 1004m GaAs embedded in a package of

1.2 mm x 1.0 mm (cover height is 1.0 m). The simulation frequency was 40GHz.

Fig. A2.19 shows the x-directed current distribution on the metallisation

area. This current component is longitudinal on the through-feedlines. The

source function is connected to one of the two ports of the through-feedline.

As can be seen the fundamental microstrip mode which is approximately

impressed by the source becomes distorted in the vicinity of the stub-line

connection. The x-directed current plotted here is the transverse current on

the stub-line and is small compared to the longitudinal current component on

the feedline. Only the transition region into the stub shows noticeable

values of the current density x-component.

Fig. A2.20 shows the y-directed current distribution on the metallisation

area. This component is the longitudinal current on the stub-line and the

transverse current on the through-feedlines (opposite to the x-directed

current).

These current distributions show the correct and expected behaviour. The

longitudinal current distributions, outside of the direct vicinity of the

junction area, are reasonably close to the fundamental microstrip mode, one

of the conditions for stable S-parameters extraction.
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Fig. A2.19: T-junction longitudinal current distribution: x-directed

Fig. A2.20: T-junction longitudinal current distribution: y-directed
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3. DEVELOPMENT OF THE SOE PROGRAMME

3.1. STRUCTURE OF THE PROGRAMME

A brief outline of the internal programme organisation in the new

discontinuity programme modules is shown in Fig. A3.1:

t .reqjency comp-zing S-;arariers

Fig. A3.1: Block diagram of SOE programme

In the programme mode field analysis software reads the input data file,
computes the microstrip mode characteristics of the feed lines and writes

them to a data base file. The SOE programme modules read this file and an
input data file.

At the first frequency an operator initialisation for the SOE-method is

performed. After this, the system matrix is generated and solved. Using the

precomputed microstrip modes the S-parameters are calculated. This process

is then repeated for each subsequent frequency.
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3.2. SUMMARY OF THE 3D FULL-WAVE SOE APPROACH

As discussed in Section 1, the discontinuity structures are simulated in a
finite field region (package). The medium considered is a single layer

GaAs-substrate. Fig. A3.2 shows the cross-section and sub-division of the
field region (EW = electric wall, SP = symmetry plane).

, EW ._z EW

A ~AJX ! I - R P2 • ,
EW ISEw, , Ew

I ,," I conductor

EW iSP c ase of
, open end

A B A
Ga is Air SP - SP

RP1 RP3 RPI

Fig. A3.2: T-junction discontinuity cross-section

The discontinuities are located in the x-y plane. In order to keep the
computational expense low, two side walls in the x-y plane are software-
switchable. This gives the choice of having both an electric or magnetic
wall for each of the two side walls denoted SP. The figure also shows the

x-y plane which contains an open-end discontinuity. Note that in this case

the microstrip line with the open-end is located in the switchable wall (SP

then denotes a magnetic wall, even symmetry).

The electromagnetic wave potentials for the LSM and LSF waves are described
using a discrete series expansion (i denotes the dielectric layers, i = 1 for

GaAs and i = 2 for air).
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sin(k amX) sin(k ymY) bimn fi(k' X)
m n

D= E E cos(kxmX) cos(k ymY) Cim n gi(k 1  X)
m n

The electromagnetic potentials contain the z-dependency as well as the

continuity of the tangential electric field at the substrate surface. From

the electromagnetic potentials the resulting equations

Es = Lxy is = 0 on conductors

and

Et = H Etk , Ht  H tk at the reference planes RP 1,2,3
k k

with Lxz Js = Ta xza and Mxz Js = Tbxzb

can be derived, where Et is the tangential electric field at the conductors

in region B. Js is the surface current density and L the 2-dimensional

operator in the x-y plane. The operator Lxy is a linear integral dyadic and

results from the dyadic Green's function in the spectral domain. The

operators Lxz and Mxz result in a similar way from mapping the surface

current density Js into the transverse (x-z plane) electric and magnetic

field. The modal representations of the transverse field (Et, Ht) in the

reference planes are generated by a modal analysis program and written into

a suitable input file for the range of parameters of interest. Tz and Tz

are transformation operators describing the transverse field in terms of

vector wave amplitudes a and b, all operators being expandable in terms of

frequency.
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The operator equations given above can be solved in one or two steps.

The two-step solution has been chosen for reasons of reduced organisational

program complexity. To achieve this, the surface current density is split

into two portions:

JS = JSA + JSB

in which JSA acts as an impressed source distributior This sets up a

deterministic first step problem solution which in the second step is then

related to the modal data in the input file using the operators Lxz, Mxz,

Ta and Tb , resulting in wave amplitudes or ccattering parameters. The

finite region chosen does not imply that energy transport phenomena are not

included in the discontinuity characterisation. By the testing procedure

implicit in the second step of the solution, the result is stripped down to

the reference planes RP. In case of multimode analysis, this allows the

incorporation of parasitic wave radiation phenomena.

3.3. OUTLINE OF THE SYSTEM MATRIX SOFTWARE

The system matrix is given by:

gxv gxvk (k2 xmZev + q k 2yn Zhv) xv gyv (kxmkyn Zev-qZhv
X : 0

xv igxvk (k xm kyn Z ev-q gyv gyv k 2xmZev+q k2xm Zhv)

with v = (m,n) being the combined index for the x and y direction, q = k0 2

(representing the frequency parameter), Zev, Zhv being the spectral
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impedances and g yv i k 2D-expansion functions, where the indices i and k

determine the element number of the generated matrix element.

As mentioned in Section 2 the resulting 2-dimensional expansion functions are

all of the kind

g= exX) fx y

gy =e (X) f (y)

gy ey W fy )

i.e. they are separable in the x- and y-direction. The Fourier transforms of

these 1-dimensional expansion functions are evaluated in detail. Their

transforms are discrete and are defined with dimensions of the x co-ordinate

of the package ranging from 0 to a and the y co-ordinate from 0 to b. The

spectral variables k xm and kyn are the new spectral variables in the Fourier

domain.

As outlined the ID-expansion functions are usually defined only over a

certain package subregion in x or y direction. A very important point in the

proper choice of the 1D-expansion functions is the ability to compute the

Fourier-transforms for maximum CPU-time saving. In the optimum case each

Fourier-transform can be precalculated analytically avoiding any kind of

series expansion.

The ID-expansion functions consist of piecewise combination harmonic terms of

(sin, cos) i.e. multiplied with Maxwell terms to satisfy the correct edge

behaviour. The resulting Fourier-transforms therefore consist only of

harmonic function combinations with the zero-order Bessel function Jo. Since

the harmonic functions are always implemented in standard compilers and

Bessel functions Jo can be calculated rather efficiently using a polynomial

approximation all the requirements of the 1D-expansion functions are

satisfied.
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In the expansion function routines of the 3D-SOE solver only the Fourier-

transforms of the 1-dimensional expansion functions are computed. This is

done by using the control and geometric input data defining the actual

expansion regions and expansion orders. The resulting 2D-expansion functions

are generated separately by a suitable selection and combination scheme as
described below. The advantage of this procedure is the very efficient

computation obtained. Elements in the resulting system matrix contain

constituents of the form

G xx(k xm,k yn)ik = gx (k xm,k yn) gx(k xm,k yn)k

G k k )i~kg(ki, g( k
Gyy (kxm yn )  = gy(kxm kyn )  y (kxm,kyn )

and mixed terms where (m,n) is the combined index for the spectral variable

in x- and y-direction, i and k are the superscripts for the actual number
i k(type) of expansion function and gxy (k xMkyn )  gx,y (k xm,k yn) are the

Fourier-transforms of the 2D-expansion f- "ons of type i -or k. The two

superscripts i and k result from the 11ilised moment method (Garlerkin) where

the testing functions are equal to the expansion functions.

Since the number of spectral contributions for accurate MMIC structure analy-

sis is rather high (usually from 100 to several 1000) due to the fact that

the number of terms corresponds directly to the spatial resolution, the

combined index (m,n) can easily reach several millions. The constituents

gx,y (kxmkyn)i 'k are computed, however, using the precomputed Fourier-

transforms of the 1D-expansion functions. This reduces the actual computa-
tion of the 2D-expansion functions to the combination, i.e. multiplication

of the iD-expansion function which can then be made CPU-time efficient.
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In order to verify the correct spatial dependencies, test software was

written. This software performed the following tasks:

* computes the respective expansion function components (i.e. x- and

y-components in the spectral domain).

* transforms the expansion functions generated in the spectral domain

back into the space-domain.

represants graphically the back-transformed expansion functions in the

space-domain.

The final 2-D expansion function components generated are each a product of 2

different 1-D expansion functions. Two different test-programs were written

to apply the outlined test-procedure both for the 1-0 expansion function

factors and for the 2-D combined expansion functions.

An example of the graphical representation of a I-D expansion function is

shown in Fig. A3.3. Another example shows the graphical representation of a

2-D function used as the source term for the open-end discontinuity analysis

(Fig. A3.4).

During tests it became obvious that there was still an organisational problem

in combinating the 1-D expansion functions into the 2-D expansion functions.

So a reorganisation of the combination scheme of expansion functions became

necessary. During the generation of the final matrix (linear system of

equations) combinations of the 1-D expansion functions were computed in the

spectral domain in a consistent manner regarding completeness and symmetry

aspects. In order to avoid time-consuming control computations the complete

information concerning all necessary combinations was generated once and

stored. In this way the actual generation of the system matrix is done very

efficiently.
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Fig. A3.3: 1-D expansion function

Fig. A3.4: 2-D source function
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3.4. TESTING OF THE SYSTEM MATRIX GENERATION AND THE LINEAR SYSTEM OF
EQUATIONS SOFTWARE

As a test of the software the current distribution on the metallic surface of

the open end microstrip line was computed (Fig. A3.5). In this example a

604m wide microstrip line (length is 100pmn) was simulated on 100pm GaAs in a

100pm x 140pm package for f = 50 GHz.

As can be seen the electrical current density vanishes outside the metallisa-

tion as required. The source distribution and the edge currents (Maxwell

terms) also can be seen.

In a general example a 0.2 mm wide microstrip line (length is 0.8 mm) was

simulated on 100pm GaAs in a 0.8 mm x 1.0 mm package for f = 100 GHz which

corresponds to about a full wavelength open end resonator. The expansion

functions were chosen such that they give the correct singular behaviour at

the 3 strip boundaries (Maxwell-Terms). Additional harmonic expansion

functions of order 4 were chosen to account for the current expansion over

the internal conductor area (transmission line type). The length of the

source region was 0.2 mm and overlapped by the current expansion area. For

this example the longitudinal current density, the transverse current density

and the norm of the electric field density (all in the metallisation plane)

were computed and plotted.

The longitudinal current, the dominant current component in the direction of

wave propagation, shows the expected basic behaviour due to a physical length

of about one wavelength of the resonator, i.e. one complete sine-wave on the

line. However, on studying the longitudinal current (Fig. A3.6) it should be

expected that the edge (Maxwell)-terms to have comparatively larger

amplitudes compared to the amplitudes of the internal (harmonic) expansion

areas than shown. Also, the expansion function choice did not result in
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Fig. A3.5: Open end, longitudinal current distribution

Fig. A3.6: Open end, longitudinal current distribution
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Fig. A3.7: Open end transverse current distribution

Fig. A3.8: Open end normal electric field
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sufficiently smooth current behaviour. This is partially due to the order of

the harmonic expansion being low (only 4).

Fig. A3.7 shows the transverse current on a different scale than that for the

longitudinal current. As a result, a direct comparison between the

amplitudes of the two current components is not possible. However, the odd

symmetry of the transverse current component is as expected.

In Fig. A3.8 the norm of the electric field in the metallisation plane is
shown. It can be seen that the electric field vanishes approximately on the

metallisation except on the area where the source current is impressed and as

expected outside the metallisation, the tangential electric field is

relatively strong in the vicinity of the edges.

3.5. TREATMENT OF THE GREENS FUNCTION SPECTRAL EXPANSION

As to the spectral expansion of the Green's function terms with respect to
frequency, this is performed similar to the method outlined in a recent paper

([i], Section 1.3). The spectral interface impedance linking the spectral
representations of electric field and current density can be written

according to this in the form:

Zv (q) = (k 2xm Zev + q K2ym Zhv) kxm kym (Zev - q Zhv)

Lxm kym (Zev - q Zhv) (k2ym Zev + q k 2 xm Z hv)

with v = (m,n) and q = ko2 (representing the frequency parameter).
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The LSM and LSE spectral impedances are Zev and Zhv in this expression. With

the explicit factors of q split off as shown above, these can efficiently be

expanded in terms of q for values of v beyond a precomputed threshold value

vo. This takes the form of a Taylor expansion and together with the choice

of frequency independent expansion functions results in the expansion of the

operator L xy. These respective sub-operators related to the expansion are

set up during the initialisation of the programme, when the analysis for the

first frequency point is invoked.

The idea of the spectral operator expansion method is that both the expansion

functions have no dependency and the spectral impedance terms have only a

very weak dependency on the frequency. This is valid in the above equation

beyond a certain subscript v (m,n). So the above equation can be written as

a sum of a Taylor series expansion in terms of frequency which can be

truncated after the third element and for matrix terms computed up to a low

order v (m,n).

Those parts of the equations which can be expanded can be written as

Matrix Source

operator + operator

Vexpanded Vexpanded

M(q ) + M'(qo) (q-q0 ) + M"(qo ) (q-q )2

+ S(q ) + S'(q ) (q-q ) + S(q )( (q-q )2
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where q0 is the frequency parameter around which the Taylor series is
expanded, q is the actual frequency, the M(qo) and S(q ) terms stand for the
matrices at the expansion frequency, M'(qo), S'(q 0 ) for the first and M"(qo),

S"(q ) for the second derivative of the matrices at the expansion frequency.

All the M-terms consist of 6 different submatrices (S-terms of 4) so that the

complete number of necessary submatrices adds up to 18 (12). These matrices

M,S,M',S',M" and S" have to be generated only once (at the expansion

frequency q0 ). Their multiplication with the (q-q 0 ) and (q-q0 )2 terms can

be done efficiently, so that the full summation for the system generation
needs only to be performed once for a given expansion frequency.

In summary, the matrix generation is done in the following steps:

* generation of the Fourier-transformed ID-expansion functions.

* combination to the actual 2D-expansion functions.

* computation of the spectral impedances Zev and Zhv*

* combination to the resulting matrix operations M ... and S ...

Because the spectral impedances Zev and Zhv depend only upon the term k r 2-

kX2 + ky 2 a very efficient computation of these values is possible by first
generating linear vectors Zev(kr 2 ), Zhv(kr 2) and then utilising a fast

interpolation concept, used successfully in the SFPMIC program.

The final res-'.Iting linear equation

M M 7 7

xx xy x xx
II = B:

xy Lyy Vy l yy
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having the submatrices M and the subvectors S (source) consisting of real

coefficient, submatrices being symmetric. Due to the characteristics of the

Fourier coefficients (different types) of the expansion functions, the

submatrices and subvectors can again be split up (e.g. M xx) as

XX XX
M xx x

Mb Mc
xx xx

the submatrices having different summation properties (decay of residual

error). So it is possible to compute for each of the blocks of the optimum

spectral threshold for which the spectral operator expansion can be

performed. For simplicity at present they are treated with constant

thresholds in order to avoid unnecessary complications. An advantage is that

the necessary matrix inversion can be done in a very stable way utilising the

special block structure of the submatrices.

3.6. VERIFICATION OF THE TANGENTIAL ELECTRIC FIELD DENSITY COMPUTATION

The 3-dimensional electromagnetic field problem is solved utilising the

condition that the tangential electric field must vanish on the metallisa-

tion. This is formulated using a Galerkin procedure. The essential

criterion is the computation of the electric field in the metallisation plane

from the numerical solution and the check for the tangentiat electric fiela

being zero on the conductor.
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The spectral electric field components can be written in matrix form:

ex (kx,ky) Za (kx k y) Zb (kx, ky Ix (kx kyj

ey (kx,ky) Zb (k x,k ) Zc (k x,ky ly (kx ky j

where the elements Za,b,c (k x,k y) are the Green's functions in the spectral

domain, exy (kxk y) the spectral electric field components and Ix,y (kxk y)

the spectral current density components.

The electric field components at an arbitrary location (Xo,y o ) in the

metallisation plane can be computed in the approach using the Fourier series

E x (Xo,Yo Y cos(kx-Xo) I e x (k x ,k y) sin(ky-Yo)

m n

Ev (A ,yo) I sin(k xXo) I ey (k x,k y) cos(ky.y o)
m n

With the electric field components computed in this manner for a grid of

points the electric field norm can be computed at several locations in the

metallisation plane and plotted.

3.7. NUMERICAL ACCURACY OF THE SPECTRAL OPERATOR EXPANSION GREEN'S FUNCTION
TERMS

As has already been mentioned the SOE-method is based on the fact that the

contributions to the generated system matrices have only weak dependencies on

the frequency if the element spectral order is high enough. As such the

SOE-approach utilizes a Taylor-series in which the elements can be truncated

after the second derivative. In the program the SOE implementation of these
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spectral matrix elements derivatives are computed using finite difference

approximations.

During testing, it became obvious that the generation of the second deriva-

tive could become numerically unstable, when its value is very small. Due to

roundoff error, the instability increases if the differences of the frequen-

cies, which are used for the computation of the derivatives is small. On the

other hand, the accuracy of the derivatives is lower if the larger

differences are taken. As a result a suitable compromise for the difference-

values of the frequency had to be found by empirical investigations/trial

computations. A reasonable practical value of f for the difference

approximations was found to be about 1% of the highest frequency chosen in

wide band frequency analyses.

Another aspect which had to be considered in more detail was the truncation

of the spectral series, i.e. the number of spectral terms used. As already

outlined, the elements of the generated system matrices consist of a

SOE-cxpanded part and the direct spectral contribution. The threshold

between the direct contribution and the SOE-part is computed using the

requirement that

K2 = K2  Ermax KrT (with K2 = K2 + K2T)

has only a very weak dependency on the frequency, where the subscript T
indicates the threshold value. This situation occurs if the value of K2 is

rT
much larger than the maximum frequency dependent term. Accordingly, a

suitable threshold/function criterion

K2 = C K2  C
rT T omax rmax

was chosen, where K2 is the threshold-value, CT a constant interchange 10rT
1.. 100 determining the actual ratio between the direct and the

.324.



SOE-contribution and ermax the maximum relative dielectric constant of the

media associated with a configuration.

Graphically seen in the v-plane (v=(m,n), spectral index) the direct and the

SOE-part of the matrix-elements generated to describe a discontinuity can be

represented in Fig. A3.9.

n4

X X X X X X

X X x X X X

X X X X X X

x X 'X X X X

1 I I 1

Direct contribution SOE contribution m

Fig. A3.9: Spectral index

The SOE-contributions of the system matrices have to be generated only once

at the initialization frequency (K2  
) At subsequent frequencies only the

omax "
direct contribution has to be computed. The amount of time spent for the

computation of the matrix is proportional to the area in the v-plane.

Typically the truncation subscript (m,n) are in the order of 10 .. 20

corresponding roughly to 100 ... 400 direct spectral terms for the

substrates, frequency range and package sizes investigated.

Depending on the structure and the package of the simulated discontinuity the

truncation indices (m,n) of the SOE-expandable part of the matrices can

easily reach 100 ... 2000 corresponding to 10,000 ... 4,000,000 spectral
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terms. This results in a speed-up factor of between 100 ... 1000 from the

SOE-initialization to the frequency-dependent solution of the discontinuity.
A representative CPU-time performance curve for an open stub example, time

consumption on a MicroVAX (resolution m=49, n=22) versus the number of

frequency points analysed is shown in Fig. A3.10.

D( 270-

E26O-

o250-

So init. 1 2 3 4 5 Frequencies

Fig. A3.10: Computation performance
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4. COMPUTATION OF THE SCATTERING PARAMETERS

4.1. S-PARAMETER COMPUTATION METHOD

The method of S-parameter computation chosen is based on the projection of

the 3-D solution of the discontinuity electromagnetic field in *he reference

plane of interest onto the vector space of precomputed microstrip-feelline

modes where the hybrid microstrip modes are used together with their

orthogonality properties. Figure A4.1 shows a general, representative scheme

for the extraction of S-parameters following this method,

y SI

X I RP 1

S2 S3

RP2 RP3

Fig. A4.1: T-junction discontinuity S-parameter extraction scheme

where the elements S1,2,3 are the 3 necessary sources for the discontinuity

considered (a 3-port T-junction), the S-parameters being computed in the

reference planes (RP1,2,3).

The mathematical formulation of the method is
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Et3Dp = X (a q+ + aq-) EtTLq+ -..f X E t TLq+ dAi
q RPi

Ht30P = X (a* q+- a *q ) H* tTLq+ - f X EtT Lq+ dAi
q RP i

which leads to a linear system of equations. The elements of this linear

system consist of integrals which have to be computed over the reference

planes of interest. The analytical and the numerical evaluation of these

integrals needs to be quite sophisticated in order to exploit the advantages

of the SOE.

A significant advantage of this S-parameter extraction method as compared to

methods used previously is the available accurate description of radiation

effects (LSM-modes). This is due to considerable improvement in

distinguishing between the LSMo-mode and the lowest microstrip mode

propagating on the feed-line. Experience has shown that due to the

similarity of these two modes in the cross-section of the microstrip

feed-line, their separation has been rather difficult in using SFPMIC in

which the local function method for S-parameter extraction is used.

4.2. VERIFICATION OF THE OPEN END S-PARAMETER COMPUTATION

In order to get results quickly on the reflection coefficient of the open end

effect a simple verification method was chosen for the computation of the

S-parameters. This was not a substitute for the method of S-parameter

extraction as already described. The rigorous extraction method is rather

complicated. Therefore it was helpful to have a simple approximate

S-parameter extraction procedure for debugging and verification purposes.

These are the assumptions made in the simplified S-parameter extraction

procedure:
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* only the dominant microstrip-mode is propagating on the feed line

* the feed line must be sufficiently long (at least about half a

wavelength

* no package modes are present in considerable strength.

Under these assumptions, the longitudinal current on the feed line is a pure

standing microstrip type wave pattern and can be written as

long (x) = aO.cos(p(x-d)) + bO.sin(p(x-d))

assuming a propagation in the x-direction. The aO and bO are unknown real

coefficients, p is the propagation constant and d is the location where the

reflection coefficient is computed (location of the reference plane).

The quantities aO and bO are computed using the longitudinal strip current

from the 3-D electromagnetic discontinuity module output by calculating the

inner products,

aO = < Ix(x,yo), cos(o(d-x)) >

bO = < I x(x,Yo), sin(p(x-d)) >

Yo being in the y-plane where the longitudinal strip current is computed.

The testing area (x-coordinate) is at least about half of a wavelength to

give reasonable accuracy.

The following complex power related wave amplitudes

A = Zo/2 . (aO + j bO) . exp (+j pd)

B = Zo/2 (aO- j bO) . exp (-j pd)
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can be computed with Zo being the strip characteristic impedance of the

fundamental mode (quasi TEM). Using these quantities the complex reflection

coefficient r can then be calculated as

r = B/A

On implementation of this method shortcoming identified is due to the fact

that the mode field analysis program applied to generate the numerical values

of 0, uses expansion functions differing from those used in the 3-D

electromagnetic open end module. Two possible solutions to the problem were

considered.

The first solution was to use exactly the same expansion function in the

precomputation of the strip-type solution (p) as in the 3D discontinuity

module.

The second was to compute the required value of p from the 3D solution which

eliminates the error introduced by an external (non-compatible) 0 value.

This can be done via the use of the error function:

1 1 s x _3D (x 2
ILSllong (i)-lon (Xi))E LSQ = JU (D x

I 
1long (i)

with cs (x) being the appropriate cosine and sine approximation of the1long 3longitudinal current and 1 o3D (x) the longitudinal current computed in the

3D electromagnetic field solution for the feed region xl ... x2, the error
being minimised to determine the unknown parameter p. The actual S-parameter

phase on the feed strip as computed by the 3D electromagnetic discontinuity

program is thus determined. First tests of this approach giving satisfying

results.
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Fig. A4.2 shows a schematic representation of the S-parameter extraction and

error computation in the case of the open-end discontinuity.

A
Y1

~~u~iISource

3D

xi x, r.

Fig. A4.2: Open end S-parameter extraction scheme

The range chosen for S-parameter extraction on the feed line and for error

computation is between xl and x2. The xi in this picture corresponds to

the xi-values noted above. The errors defined by this error-function are

usually found to be below one percent. An open-end discontinuity on 100l±m

GaAs line-width 10Om, resonator length 0.80mm, package dimensions 0.5mm

x 1.00mm and simulation frequency 50 GHz was chosen as an example.

Table 1 shows the values of the currents of the 3D-solution, the cosine-sine

approximation and the difference between these values in percent (error) at

specific points over the range xl and x2. The overall-error (LSQ) is 0.807

percent indicating a very good agreement with the current computed from the

3-D electromagnetic field with the cosine-sine standing wave representation

assumed in the S-parameter evaluation procecs.
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Further investigations on the error behaviour clearly showed that the error

minimisation as described in the above definition was a good accuracy

criterion. However, it does not provide a stable and accurate way to

determine the "best possible" phase constant p for S-parameter evaluation

since the minimum is very flat as a function of 1. Such can be concluded

from the Table 2 (an open end example).

A r REOIIE.NCY = (.000 '3W'.

X=0.300. V Al:: 0.81603 0.89851, ERR 'PERCENT : .
X 0.311, 'V'AL= 0.81264 0.30143. ERR (PERCENT) : 1.41

X 32 1 V YAL = C?.S0 98 0353. ERR (8P9E R8C ENT.0
X.,-,2 A L = .80720 0.9048. ERR (PERCENT) : 0 '

: 0 3. VAL - 0.30403 0 .3052Z ERR (PERCENT, 0.1 "

3 . VAL: .802 0.804S8 ERR 'PERCENT) : i..
X= 0.362. 1AL: 0.7?870 0.G03,7 ERR PERCENT): 0.61.

0' .37"14 , ) AL - 0 .75 '. S0 16G ERR (PERCENT): 0. G
X:0.384, hA L .l 0.79165 0.798G80, ERR (PERCENT': 0.86
1,=0.365. AL = 0.78733 0.9'13. ER R PERCENT : 0 7
X=0.405, VAL:: 0.78247 7.9064. ERR (PERCENT): 1.02
X :0.416, VAL- 0.77814 0.'7R8535. ERR (PERCENT) : 0.611
,(0.426. VAT., 0.739 0.7 513 ERR 'PERCENT):
X:0.437, VAL:: 0.7G870 0.77235. ERR (PERCENT) : 0 .0
X=0.4471, YAL: 0.76G44 0.7G 45 ERR (PERCENT) : 0.0i

IA.42 1.,:- 0.759,. C7'5 -,18. ERR (PERCENT": ,

'0= .3 IA : C, 96 7 3 "LR = CEW .. i

0 . 4 7 1) V 1 .. 4.. 3 ... EP, R F PERCENT : 0 6
% '0.447,. UAL 0.74-t46 0.745,C1 ERR :PERCENT': 0. 6

X 0.489. VAL-: 0.73:64 0.72613:. ERR (PERCENT): 1 .'0
X '50o , VAL. 0.72- , 2 0.714-1. ERR (PERCENT,: 1 .7,9

Table 1:
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LAMBDA D LAMBDA PHI D PHI ERR
IN MM IN PER CENT IN DEG. IN PER CENT IN PER CENT

2.0444 -1.0 -19.0 -5.9 0.834
2.0547 -0.5 -19.9 -2.9 0.820
2.0650 0.0 -20.5 0.0 0.807
2.0753 +0.5 -21.1 +2.9 0.794
2.0857 +1.0 -21.7 +5.2 0.781
2.0959 +1.5 -22.3 +8.8 0.768
2.2063 +2.0 -22.9 +11.7 0.756
2.1683 +5.0 -26.2 +27.8 0.687
2.2715 +10.0 -31.2 +52.2 0.585

Table 2: Phase Error

In this table the influence of the precomputed phase constant 0 (or

equivalently x,, the wavelength) on the reflection coefficient of the open end

effect and the computed error is listed. Since there are no losses, the

magnitude of the reflection coefficient is always 1.0, it is therefore

sufficient to list only the phase angle. Also, the deviation of the computed

phase angle from the phase angle computed for the nominal reference input

value of the wavelength is listed. The nominal input value of the

precomputed wavelength of the feed strip mode is 2.065mm. The value of this

precomputed wavelength has changed between -l percent and +10 percent of the

nominal value.

The above discussion shows clearly that the defined error function is

unsuitable for the computation of the actual phase constant on the feed lines

by the minimisation procedure. On the other hand it can be concluded that

the error in the precomputed phase constants does not result in unacceptable

errors of the reflection coefficient (seen in the example of the open end

discontinuity) since the precomputed values have an accuracy of better than

1%. At the same time, ELS Q was found to result in a quite stable S-parameter

evaluation if its value is below 0.2 percent.
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4.3. 3-D ELECTROMAGNETIC FIELD SOLUTION ACCURACY REQUIREMENTS FOR
S-PARAMETER EVALUATION

The method of S-parameter extraction consists essentially in the mapping of

the longitudinal current on the feedline section (computed from the 3-D

electromagnetic field) on suitable cosine-sine functions. Because the method

uses precomputed feedline data, an error function was defined which

corresponds to the approximation quality of this mapping procedure.

However, it became obvious for short evaluation sections that a measure of

the 3-D electromagnetic field solution quality is required, because it is

only reasonable to extract S-parameters from stable and convergent electro-

magnetic field solutions. Therefore, a second error function was defined

which makes use of the electric field values computed in the region for

S-parameter extraction. The quality of the 3-D electromagnetic field

solution is considered sufficiently good if the tangential electric field

vanishes with good accuracy on the metallization. The normal electric field

component directly under the metallization (in the GaAs layer) is bounded and

is used for normalization of the tangential electric field.

The electric field error function

N

ERRELSQ = Etan (x / Enor (xi ) 2

i=I

was defined with xi representing the sampling points where the electric field

is computed and N eenoting the total number of sampling points, the x i

chosen in exactly the same region where the S-parameter extraction is

performed.
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An open-end structure was chosen here as a representative example for the
introduced residual electric field error. The tangential and normal electric
field components, as outlined before, have been computed in the longitudinal

direction of the microstrip-line.

Fig. A4.3 shows the computed tangential and normal electric field components
along the coordinate y=yo. It can be seen that the tangential part vanishes

approximately on the metallization area except near the end of the strip

where it rises sharply in the vicinity of the open end. The normal electric
field is plotted on the same scale. The oscillatory behaviour is due to the
relatively low resolution applied in the computation. In this example the
least squares electric field error is 2.03% which indicates a 3-D

electromagnetic solution of good quality.
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Fig. A4.3: Tangential and normal electric field
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MISSION

OF

ROME LABORATORY

Rome Laboratory plans and executes an interdisciplinary program in re-

search, development, test, and technology transition in support of Air
3

Force Command, Control, Communications and Intelligence (C I) activities

for all Air Force platforms. It also executes selected acquisition programs

in several areas of expertise. Technical and engineering support within

areas of competence is provided to ESD Program Offices (POs) and other

ESD elements to perform effective acquisition of C3 1 systems. In addition,

Rome Laboratory's technology supports other AFSC Product Divisions, the

Air Force user community, and other DOD and non-DOD agencies. Rome

Laboratory maintains technical competence and research programs in areas

including, but not limited to, communications, command and control, battle

management, intelligence information processing, computati.onal sciences

and software producibility, wide area surveillance/sensor%, signal proces-

sing, solid state sciences, photonics, electromagnetic technology, super-

conductivity, and electronic reliability/maintainability and testability.


